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PREFACE 


The  Division  of  Building  Research  of  the  National 
Research  Council  of  Canada  gladly  Includes  this  annotated 
bibliography  in  its  series  of  publications  as  a part  of 
its  share  in  this  joint  venture  with  McGill  University. 

Architectural  acoustics  is  a subject  of  growing  im- 
portance in  Canada  and  is  an  Important  subject  in  the  Di- 
vision* s research  program.  DBR/NRC  was,  therefore^  glad  to 
co-operate  with  Professor  John  Bland,  Director  of  the  McGjU 
School  of  Architecture,  and  the  author,  in  the  work  result- 
ing in  this  publication  and  to  provide  some  financial  as- 
sistance* 

The  author  is  an  acoustical  consultant  of  Montreal  who 
now  lectures  on  architectural  acoustics  at  both  McGill  Uni- 
versity and  the  University  of  Montreal*  The  work  represented 
by  this  Bibliography  was  carried  out  at  McGill  University  in 
partial  fulfillment  of  the  requirements  for  the  degree  of 
Master  of  Architecture,  a degree  which  he  now  holds* 

The.^{i|iished  Bibliography  is  considered  by  the  Division 
to  be  of  real  value.  It  is  hoped,  and  indeed  esqpected,  that 
this  volume  will  prove  of  value  to  architects  and  all  con- 
cerned with  architectural  acoustics  not  only  in  Canada  but 
wherever  attention  is  being  given  to  the  improvement  of 
acoustics  as  a part  of  the  steady  advance  of  building  design* 

Robert  F.  Legget 
Director 

Division  of  Building  Research 
National  Research  Council 
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INTRODUCTIOM 

The  enormous  increase  of  noise  sources  Inside  and  outside 
our  buildings,  the  simultaneous  shift  from  heavy,  traditional 
building  constructions  to  thin,  light-weight,  moveable  and  pre- 
fabricated building  elements,  in  conjunction  with  the  growing 
demand  for  improved  hearing  conditions  in  Audi  tori  a,  have  made 
architectural  acoustics  an  essential  component  in  the  environ- 
mental control  of  buildings* 

Architectural  acoustics,  in  both  the  fields  of  scientific  re- 
search and  practical  applicationi  has  progressed  further  in  the 
past  few  decades  than  during  all  preceding  time,  and  consequently 
the  amount  of  pertinent  literature  has  reached  an  unprecedented 
high.  It  seemed  to  be  worthy,  therefore,  to  prepare  an  annotated 
bibliography  on  architectural  acoustics  for  the  assistance  of 
those  involved  in  architectural  design  problems,  i.e.,  the  archi- 
tect, the  engineer  (mechanical  and  structural),  the  town  planner, 
the  builder,  and  the  student  of  architecture  and  architectural 
acoustics.  Less  directly  this  work  will  be  of  value  to  anybody 
interested  in  the  practical  application  of  acoustics* 

In  compiling  this  annotated  bibliography  it  was  not  intended 
to  add  another  reference  book  on  architectural  acoustics  to 
those  already  available,  instead,  the  purpose  was: 

(a)  to  compile  a classified  bibliography,  including  most  of 
those  publications  (books,  booklets,  articles,  research 
papers,  reports,  bulletins,  pamphlets,  standards,  codes, 
etc.)  on  architectural  acoustics,  published  in  English, 
French^ and  German  which,  in  the  writer* s opinion,  can 
supply  a useful  and  up-to-date  source  of  information 
for  those  encountering  any  architectural-acoustical  de- 
sign problem; 

(b)  to  classify  the  entire  field  of  architectural  acoustics 
into  a comprehensive  system  within  which  every  related 
topic  has  its  distinct  place;  and 
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(c)  to  stress  the  close  relationship  between  acoastical  per- 
foroance  and  architectural  expression  throughort  the  en- 
tire field  of  architectural  acoustics* 

The  bibliography  is»  therefore,  the  essential  part  of  this 
work  and  in  order  to  ensure  its  efficient  usOf  it  has  been  divided 
into  several  parts  called  ^References”,  each  one  attached  to  the 
oer responding  Section*  Thus,  for  exanple,  bibliographical  entries 
related  to  Section  6,  "Acoustical  Design  of  Rooms  for  Speech", 
will  be  found  at  the  end  of  Section  6*  Whenever  the  text  refers 
to  an  entry  in  the  "References",  the  letter  designating  the  re- 
levant Section  will  be  used  hyphenated  to  the  item  number  of  the 
respective  bibliographic  entry  in  question}  for  examj^e,  "J-76" 
refers  to  the  76th  entry  within  the  "References"  listed  at  the 
end  of  Section  J,  "Acoustical  Design  of  Studios"  ("Broadcast 
Studio  Hedesign  by  L*L*  Beranek*  J*  3NPIE,  vol*  64,  Oct*  1955$ 
p*  550-559*  *•). 

Hear  the  end  of  this  work  a "GENERAIi  BIBLI0GRAPH7"  will  be 
foiind,  listing  various  publications  of  universal  scope  on  archit- 
ectural acoustics*  When  referring  in  the  text  to  entries  of  this 
"GENERAL  BIBLIOGRAPHY",  the  letters  GB  will  be  used,  hyphenated 
to  the  item  number  of  that  particular  bibliographic  entry  in 
question}  for  example,  "GB-43"  refers  to  the  45rd  item  of  the 
"GENERAL  BIBLIOGRAPHY"  ("Acoustics,  Noise  and  Buildings  by  P*H* 
Parkin  and  H*R*  Humphreys*  Frederick  A*  Praeger,  Hew  York,  1958, 
PP*  331"). 

By  and  large,  the  "References"  and  the  "GENERAL  BIBLIOGRAPHY" 
contain  most  of  the  publications  written  on  architectural  acous- 
tics published  after  1940  in  the  English,  French  and  German  lan- 
guages* However,  some  publications,  written  before  1940,  which 
either  supply  in  some  way  useful  information  or  are  of  signifi- 
cance in  the  development  of  certain  aspects  in  architectural 
acoustics,  have  also  been  Incorporated  in  this  work* 
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Of  the  publications  which  deal  with  identical  or  similar 
subjectSy  only  those  have  been  Included  in  the  "References'* 
which,  in  the  writer's  opinion,  are  the  most  instructive*  Pub- 
lications discussing  subjects  of  purely  local  interest  or  with- 
out noteworthy  contribution  to  the  solution  of  problems  in  ar- 
chitectural acoustics  have  been  omitted  from  the  "References"* 

Due  to  the  large  number  of  entries  included  in  the  "Referen- 
oesy  and  considering  the  fact  that  the  time  allotted  by  the  de- 
signers of  buildings  for  research  in  the  teohnici^.  literature  is 
usually  very  limited,  it  seemed  to  be  advisable  to  mark  with  "o" 
those  entries  which,  from  a purely  practical  point  of  view,  are 
particularly  recommended  for  reading*  This  marking,  however,  does 
not  intend  to  suggest  a qualitative  rating  of  the  publications* 

The  reading  of  the  publications  listed  without  this  nark  is 
equally  recommended,  if  the  reader  has  sufficient  time  to  do  so* 
Abbreviations  used  in  the  "References"  and  in  the  "GENERAL 
BIBLIOGRAPHI"  have  been  listed  previous  to  this  Introduction* 

Quick  reference  to  any  subject  in  architectural  acoustics 
can  be  found  either  by  the  use  of  the  "Table  of  Contents"  or 
through  the  "Subject  Index"  at  the  end  of  this  work* 

This  annotated  bibliography  has  been  divided  into  three 
parts,  as  follows: 

PART  I*  ARCHITECTURAL  ACOUSTICS  IN  GENERAL*  This  part 

- outlines  the  significance  of  acoustics  in  architectural 
design  and  determines  its  position  within  the  environ- 
mental control  of  buildings; 

- points  to  noteworthy  achievements  in  the  history  of  ar- 
chitectural acoustics;  and 

- discusses  briefly  acoustical  relationships  and  terms  of 
importance  (such  as  frequency,  loudness,  the  oar  and  hear- 
ing, timbre,  masking,  etc*)  which  will  be  used  or  re- 
ferred to  in  succeeding  Sections* 
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PART  II*  ROOM  ACOUSTICS*  This  part 

• dssils  with  acottstioal  phanonena  la  enclosed  spaces  (such 
as  sound  reflectioUf  sound  ahsorptioUf  reverherattoUf 
diffttsion^  etc*); 

- olasslfles  and  describes  the  aaterials  and  constructions 
used  for  architectural-acoustic  purposes; 

«r  discusses  acoustical  requirements  in  Auditorium  design; 

- divides  the  architectural  spacesf  used  fcr  listening 
purposes,  into  four  groups:  (1)  Auditoria  for  speechf 
e*g*)  Theaters,  Lecture  Halls,  Congress  Halls,  Conference 
Rooms,  etc*;  (2)  Rooms  for  music,  such  as  Concert  Halls, 
Opera  Houses,  etc*;  (3)  Places  of  assenbly  with  nixed 
acoustical  requirements,  l*e*,  used  for  speech  and  music, 
such  as  Churches,  Motion  Picture  Theaters,  Open-Air 
Theaters,  etc*;  (4)  Studios,  requiring  special  consid- 
eration and  care  in  their  acoustical  design,  such  as 
Radio  and  Television  Studios,  etc*; 

- describes  ways  in  which  the  acoustics  of  an  Auditorium 
can  be  checked  during  the  design  stage  and  after  the 
completion  of  the  building; 

- gives  information  on  sound  amplification  systems  used 
in  various  Auditoria* 

PART  III*  BOISE  CONTROL*  This  part 

- refers  to  the  general  principles  of  noise  control  and 
advises  on  the  methods  to  be  followed  in  the  elimination 
or  reduction  of  noises  in  buildings; 

- deals  with  sound  insulating  building  constructions, 
such  as, walls,  floors,  doors  and  windows,  and  calls  at- 
tention to  the  factors  affecting  the  acoustical  perfor- 
mance of  these  enclosures; 

- outlines  the  control  of  mechanical  noises  and  vibrations 
due  to  water  systems,  ventilating  and  air-conditioning 
equipment  and  machinery; 
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- surveys  the  various  noise  criteria  usually  discussed  in 
the  literature  and  used  in  practice; 

- describes  practical  aspects  to  be  followed  in  the  noise 
control  of  various  types  of  buildings;  such  as, Auditorial 
Residential  BuildlngSi  SchoolSi  HospltalSf  Offices,  Sound 
Laboratoriesi  Industrial  Buildings,  etc. 

For  practical  reasons,  theoretical  aspects  of  architectural 
acoustics  and  also  mathematical  relationships  have  been  reduced 
to  a minimum  in  the  annotations. 

Experience  has  proven  that  the  acoustical  performance  of  a 
building  will  eventually  depend  on  the  attention  that  has  been 
given  by  the  designer  to  acoustical  aspects  in  the  designi  de* 
tailing  and  specifying  of  that  particular  job.  To  do  so,  the  de- 
signers of  the  buildings  must  have  a basic  understanding  of  the 
relevant  architectural  acoustical  principles  and  their  appropri- 
ate application.  Xt  is  for  this  reason  that  in  the  preparation 
of  this  annotated  bibliography  particular  attention  has  been 
given  to  the  specific  needs  of  those  responsible  for  building 
design.  Although  it  may  be  necessary  to  retain  the  services 
of  a competent  acoustical  consultant,  it  rests  with  the  architect 
to  see  that  acoustical  requirements  are  recognised  and  respected 
in  the  initial  stages  of  architectural  design.  Society  ri£^t-> 
fully  expects  that  ideal  environmental  conditions,  essential  to 
our  comfort,  health  and  happinessi  and  necessary  to  free  our 
energies  for  productive  work,  be  achieved  in  our  buildings  by 
their  designers. 
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A«1  The  place  of  architectural  acoustics  in  the  environmental 

control  of  buildings 

The  remarkable  development  of  the  engineering  sciences  has 
reached  the  stage  where,  in  today's  architectural  practice,  a 
building  does  much  more  than  simply  provide  shelter  and  pro- 
tection for  its  occupants  against  the  extremities  and  fluctu- 
ations (thermal,  atmospheric,  sonic,  liiminous  and  spatial)  of 
the  exterior  world.  Contemporary  environmental  control  can  cre- 
ate a complex,  artificial  environment  in  buildings,  that  will 
meet  all  the  physical,  physiological  and  psychological  demands 
of  the  occupants*  This  artijdeially-created,  "synthetic"  environ- 
ment is,  therefore,  in  many  respects  superior  to  the  natural  one# 

Thus,  Sound  Control,  constituting  a branch  in  the  environment- 
al control  of  buildings,  can  create  an  artificial  sonic  environ- 
ment in  which: 

(a)  ideal  hearing  conditions  will  be  provided  both  in  en- 
closed spaces  and  in  the  open  air;  and 

(b)  the  occupants  of  the  buildings  will  be  adequately  pro- 
tected against  excessive  noises  and  vibrations  harmful 
to  human  well-being,  health  and  productivity# 

Accordingly,  the  sound  control  of  buildings  has  two  goals: 

(a)  to  provide  the  most  favorable  hearing  conditions  for  the 
production,  transmission  and  perception  of  wanted  sounds 
(speech,  music,  etc*)  inside  the  rooms  used  for  various 
listening  purposes,  or  in  the  open  air#  This  field  of 
sound  control  is  called  ROOM  ACOUSTICS  and  will  be  cover- 
ed in  Part  II; 

(b)  the  exclusion  or  reasonable  reduction  of  noises  (unwanted 
sounds)  and  vibrations#  This  range  of  sound  control  is 
termed  as  NOISE  CONTROL  and  will  be  dealt  with  in  Part  III# 


The  problems  of  ROOM  ACOUSTICS  tnd  K0I3E  CONTROL  are  natur- 
ally Interrelated  and  interdependent^  and  cannot  be  separated 
from  one  another*  As  will  be  discussed  later 9 the  elimination 
of  noise  plays  an  important  role  in  the  room  acoustical  design 
of  Auditoria$  similarlyf  room  acoustical  problems  are  involTed 
in  the  noiise  control  of  rooms* 


A* 2 Acoustical  problems  in  contemporary  architectural  design 

Continuous  improvements  during  the  last  decade  in  building 
technology  and  a gradual  shift  in  the  basic  concept  of  architec- 
tural design  have  made  acoustics  an  important  factor  affecting 
the  performance  of  architectural  spaces  (A-20)*  Following  are 
the  fludn.  factors  which  have  made  architectural  acoustics  a con- 
tributing participant  in  the  environmental  control  of  buildings 
(A-1,  A-3)s 

(A)  An  incredible  number  of  Audltoria  (i*e*,  Theater 89 
Chu?ches9  Lecture  HallS9  StudioSf  Concert  HallSf  etc*) 
are  being  built  all  over  the  world*  The  large  sizes  and 
capacities  of  many  of  these  Auditoria  have  created  room 
acoustical  problems  which  definitely  could  not  have 
been  resolved  a few  decades  ago*  In  additiony  the  coBi- 
temporary  trend  in  architectural  design  practice  of 
using  plain,  uninterruptedf  hard  (i*e*9  sound  reflective) 
surface  treatments  with  little9  if  any 9 omamentation9 
has  had  a detrimental  affect  upon  the  acoustics  of 
Auditoria* 

(B)  In  the  structural  and  constructional  field  there  is  a 
continuously  and  rapidly  increasing  use  of  light-weight 
building  materials  and  constructions*  Prefabricated 
elements  are  being  used  for  both  exterior  and  interior 
walls,  for  partitions,  floors,  and  suspended  ceilings 
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(A-21)*  Fortheraore  thora  is  a grawiag  daaand  for  tka 
flexibility  and  movability  of  parti tione*  All  these 
elements  lack  the  aost  important  feature  of  an  efficient* 
sound  insulating  enclosure,  i«e*,Bass*  In  addition,  un- 
fortunately, they  do  promote  the  harmful  transaission 
of  noise  through  gaps  and  open  spaces  created  by  the 
Jointing  of  prefabricated  elements  and  by  the  noise- 
radiating  characteristics  of  thin,  light-ueic^t  building 
panels* 

(C)  A gradual  change  can  be  observed  in  the  basic  concept 
of  architectural  design*  This  trend  advocates  that  spaces 
in  a building,  instead  of  being  separated  from  one  an- 
other, should  be  rather  Integrated  into  visually  undi- 
vided, large  units  without  enclosures,  continuing  through 
open  screens,  grilles,  space  dividers,  glazed  barriers 
and  curtain  walls  (A-20)*  Even  though  this  design  con- 
cept generally  creates  pleasant  interiors,  it  must  be 
noted  that  the  desire  for  open  plans  and  undivided  in- 
terior spaces  conflicts  with  the  exclusion  of  unwanted, 
penetrating  noises  and  brings  about  noise  control  prob- 
lens  (A-21)* 

(B)  In  the  mechanical  field  the  buildings  are  beconing  in- 
creasingly mechanized;  many  components  of  the  heating, 
ventilating  and  air  conditioning  systems  (fans,  diffusers, 
coapressors,  cooling  towers,  etc*),  the  various  work  ma- 
chines (such  as  typewriters,  computers,  etc*)  and  also 
various  household  articles  of  equipment  unfortunately 
all  contribute  to  the  noise  pattern  of  a building  (A-16)* 
A contemporary  office  building  is,  in  fact,  entirely  in- 
terwoven with  a most  comprehensive  network  of  noise  and 
vibration  transmitting  ducts,  shafts,  cables,  conduits, 
wiring,  etc*  (A-21)*  In  addition  to  these  interior  (me- 


chanical)  noises  new  exterior  noise  sources  are  coming 
Into  existence,  originating  from  the  existing  and  new 
Industries  and  from  transportation  (jets,  trucks,  etc*)# 
The  exclusion,  or  reasonable  reduction  of  these  Interior 
and  exterior  nclses  constitutes  a serious  acoustical 
problem* 

The  increasing  demand  for  various  Audltorla  all  over  the 
world  involves  not  only  quantitative  but  also  qualitative  re- 
quirements* Ko  longer  will  an  audience  or  a professional  critic 
excuse  the  erection  of  an  Auditorium  having  any  serious  acous- 
tical defect*  Church  Halls,  built  in  the  past  with  long  rever- 
beration times  for  services  in  which  musical  and  choral  presen- 
tations prevailed,  today  are  also  used  for  sermons  with  special 
emphasis  laid  on  the  intelligibility  of  the  speech*  It  is  a 
difficult  problem,  even  for  a qualified  acoustical  expert,  to 
provide  equally  favorable  hearing  conditions  within  the  same  Church 
Hall  for  organ,  choir  and  sermon  alike,  without  altering  the  rever- 
beration time*  Large  multi-pm^pose  Audltorla  are  today  utilized 
— mainly  due  to  box-office  policy  — for  a multitude  of  purposesj 
such  as, lectures,  political  rallies,  pemel  discussions,  recitals, 
stage  presentations,  concerts,  etc*  The  manifold  use  of  the  same 
Auditorium  imposes  a particular  task  upon  the  designers  which 
xmder  normal  economic  conditions  can  be  solved  by  an  acoustic 
compromise  only  (A-25)* 

Two  oircumstancos  are  effectively  contributing  to  the  evol- 
ution of  satisfactory  solutions  for  the  diverse  acoustical  prob- 
lems in  architectural  design: 

(A)  Since  the  turn  of  the  20th  century,  but  particularly  in 
the  last  few  decades,  a large  amount  of  theoretical  and 
practical  research  work  has  been  conducted  in  North 
America,  Europe  and  Australia,  the  results  of  which  have 
been  published  and  constitute  an  important  part  of  the 
References  and  GENERAL  BIHLIOGRAPHY  of  this  work  (A-19). 
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Furthermore  a large  range  of  electronic  instrumento  haa 
become  available  that  hae  enabled  us  to  find  answers  to 
previously  unknown  acoustical  phenomenal  many  of  which 
had  been  labelled  before  as  mysterious* 

(B)  Simultaxueoualy^  the  maas  production  of  acouatical  ma- 
terials provides  us  with  the  necessary  means  to  control 
the  various  acoustical  defects  in  rooms* 

Clearly  designers  of  buildings  must  possess  a basic  under- 
standing of  the  acoustic  principles  and  requirements  if  they  are 
to  solve  their  pertinent  problems  (A-2|  A-9).  They  must  remember 
that  it  is  not  the  acoustic  treatments  alone  which  affect  hearing 
conditions  in  a room*  The  acoustics  of  any  Auditorium  will  be 
considerably  affected  by  a series  of  seemingly  purely  architect- 
ural considerations  with  regard  to  room  shapey  room  proportionsy 
layout  of  enclosuresy  dimensions  and  distribution  of  exposed 
structural  elements  (A-l6)y  surface  irregular! tiesy  fixtureSy 
seating  layout  and  capacityy  decorationsy  etc*  (A-23)*  Practi- 
cally! every  detail  within  the  enclosed  space  contributes  to  a 
greater  or  lesser  extent  to  the  acouatical  performance  of  that 
particular  Auditorium* 

The  design  of  an  acoustically  efficient  sound  insulating 
enclosure  will  require  equally  special  attention  on  the  part  of 
the  designer*  It  is  net  only  the  material  proper  of  that  parti- 
cular enclosure  that  determines  efficiency  of  acoustical  insul- 
ation but  other  aspects^  such  as, connections  to  adjacent  enclo- 
suresy  construction  joints  left  unfilled  between  elements  and 
around  doorsy  windowsy  fixturesy  pipes  or  ether  equipments  that 
penetrate  the  enclosure  or  surface  treatment*  These  detailSy  and 
othersydo  affect  the  sound  insulation  performance  of  any  en- 
closure* 

The  designers  of  buildings  can  be  assured  that  the  workman- 
like solution  of  acoustical  requirements  does  not  curtail  or  even 
restrict  their  design  freedom*  All  acoustical  problems  can  be 
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attacked  in  a number  of  ways.  Contemporary  constructional  and 
interior  decorating  practice  permits  that  acoustical  principles 
and  requirements  be  satisfactorily  translated  into  the  language 
of  good  architecture  (A~18y  A-20)» 

A number  of  practical  examples  of  Auditoria  that  combine 
high  acoustical  performance  with  distinctive  architectural  ex- 
pression will  be  referred  to  later  in  this  work. 
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The  Auditoritta,  ms  a place  for  hearing,  has  developed  from 
the  classical  Open-Air  Theaters;  howevery  no  reliable  evidence 
exists  that  particular  consideration  vas  given  to  acoustical 
principles  vhen  natural  sites  were  selected  and  Open-Air  Thea- 
ters built  by  the  Greeks  and  Hoaans  (B-IQ). 

There  is  a considerable  literature  on  the  acoustics  of  the 
ancient  Open-Air  Theaters  (B-6,  B— 7,  B-8,  0—15,  0^17#  I*99t 
1-109)  but  probably  too  much  credit  is  given  to  the  Greeks  and 
Roeans  for  acoustical  sense  in  planning*  They  nay  veil  have  at- 
tempted to  solve  only  the  line-of-si^t  problen  and  just  obtained 
reasonable  hearing  conditions  at  the  sane  tine*  They  tried  to 
locate  the  audience  as  close  as  possible  to  the  elevated  acting 
area  or  **logeion"  (speaking  place)  by  shaping  the  steeply  banked 
seating  area  in  a seai— circle  which  naturally  resulted  in  reason- 
ably good  hearing*  Besides  this,  the  perfomers  used  large  nasks 
partly  to  exaggerate  their  facial  eiqpressions  and  partly  to  re- 
inforce their  voice  power*  Later  the  Ronans  built  large  slanting 
roofs  above  and  at  both  sides  of  the  acting  areas  which  provided 
efficient  sound  reflectors  and  resulted  in  at  least  noderately 
satisfactory  intelligibility  at  the  renote  seats  (B-10)* 

The  Theater  at  Orange,  in  Prance,  built  about  30  A*D*  by 
the  Ronans  (Figure  B*l)  represents  a typical  exanple  of  the  an- 
cient Open-Air  Theaters*  The  audience  area  is  540  ft  in  diameter 
and  it  has  a large  sound  reflective  canopy  above  the  acting 
area  (B-10,  B-11,  GB-21)* 

The  first  reference  to  architectural  acoustics  in  recorded 
history  is  nade  by  Vitruvius  (lat  century  B*C*  )*  In  his  book 
"De  Architectural  he  describes  sounding  vases  ("echeia**}  as  being 
used  in  certain  Open-Air  Theaters  but  no  trace  <^f  these  vases 
has  ever  been  found  in  any  ancient  Theater* 

The  Middle  Ages  inherited  from  the  classical  times  only  an 
empirical  knowledge  of  the  acoustics  of  enclosed  spaces,  con^ 
sequently,  the  acoustics  of  medieval  Church  Halls,  except  those 
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small  in  volume  and  capacity,  csoi  be  characterized  by  their 
overwhelming  fullness  of  tone  (see  subsection  H.l),  excessive 
reverberation  and  poor  intelligibility* 

In  subsequent  centuries  a remarkable  number  of  Theaters 
were  built,  sometimes  with  surprisingly  large  capacities*  The 
Teatro  Olimpico  at  Vicenza  (Italy),  designed  by  Palladio  and 
built  in  1389  by  Scamozzi,  had  an  audience  of  3000  (GB*42)*  The 
Teatro  Farnese  at  Parma  (Italy),  designed  by  G*B*  A3.eotti  and 
built  in  1618,  had  a capacity  of  2300*  Available  descriptions 
do  not  reveal  any  particular  acoustical  deficiencies  of  these 
and  other  contemporary  Auditoria  (0*13,  G~17)* 

Until  about  the  beginning  of  the  19th  century,  in  the  de« 
sign  of  Auditoria  used  primarily  for  the  performance  of  music 
(such  as  Churches,  Opera  Houses  and  Ballrooms),  acoustical  as- 
pects of  enclosed  spaces,  being  entirely  unknown  to  the  design- 
ers, had  to  be  subordinated  to  other  interests*  In  fact,  sound 
programs  during  these  centuries  (church  music,  chorale,  opera, 
symphonic  music,  etc*)  attempted  to  fit  into  the  prevailing  a- 
ooustical  conditions  of  existing  Auditoria*  Bach's  organ  music 
(in  the  first  half  of  the  18th  century)  was  composed  to  fit  the 
acoustics  of  Thomas  Church  in  Leipzig  (I-ll,  1-28,  1-31)*  Baroque 
and  classical  music  (represented  by  Handel,  Mozart,  Beethoven, 
etc*,  from  1600  to  1820)  was  writiien  to  fit  the  acoustical  atmos- 
phere of  the  ballrooms  of  the  aristocrats*  The  sounds  of  the 
Italian  Opera  (represented  by  Donizetti,  Rossini,  Verdi,  etc*, 
in  the  19th  century)  fitted  into  the  acoustical  environment  of 
the  horse  shoe  shaped  Opera  Houses  of  Milan,  London,  Paris, 
Vienna,  New  York,  etc*  (H-120,  H-131f  H-133t  H-134,  H-136, 

H-137,  H-141)*  Composers  of  the  romantic  period  (Mendelssohn, 
Brahms,  Liszt,  Debussy,  Tchaikovsky,  etc*^ 19th  century)  had  the 
Concert  Halls  of  Vienna,  Leipzig,  Glasgow,  Basel,  etc*,  in  mind 
(H-22,  K-39f  H-83,  H-88,  H-93,  H-98,  H-106,  H-110)*  Many  of 
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these  19th  century  Concert  Halls  represent  - even  to  day  - the 
greatest  achievements  of  empirical  acoustics  before  the  enormous 
progress  in  the  scientific  research  of  the  20th  century  defined 
the  problems  of  contemporary  room  acoustics  (H-3t  H-5t  H-6). 

The  designers*  attitude  in  the  19th  century  is  best  re- 
flected in  the  following  words  of  Charles  Gamier 9 architect  of 
the  Paris  Opera  House  (B-10):  *•!  must  esq^lain  that  I have  adop- 
ted no  principle  9 that  my  plan  has  been  based  on  no  theory f and 
that  I leave  success  or  failure  to  chance  alone"  (C»  Gamier* 
"L*0pera9  Paris",  1880)  • 

Before  the  20th  century  only  one  Auditorium  was  acoustically 
designed  in  the  sense  that  some  consideration  was  given  to  acous- 
tical requirements  and  this  was  Wegner*  s Festival  Opera  House, 
in  Bayreuth,  Germany,  dedioated  in  1876  (H-133,  H— 140)* 

In  the  second  half  of  the  19th  century  Lord  Raylei£^  pub- 
lished his  classical  exposition  on  "The  Theory  of  Sound",  how- 
ever, it  was  not  until  the  advent  of  the  20th  century  that  Prof* 
W*C*  Sabine  of  Harvard  University  did  his  pioneer  work  on  room 
acoustical  design  (B-2,  B-3).  It  was  he  who  first  devised  the 
coefficient  of  sound  absorption  and  arrived  at  a simple  relation 
between  the  volume  of  a room,  the  amount  of  sound  absorbing  mate- 
rial in  it  and  its  reverberation  time*  W*C.  Sabine  thus  took 
Auditorium  acoustics  out  of  the  realm  of  guesswork  and  estab- 
lished it  as  a systematic  branch  of  engineering  science* 

From  this  start  the  new  subject  of  architectural  acous- 
tics advanced  rapidly*  Scientists  and  engineers  undertook  theo- 
retical and  practical  research  work  in  room  acoustics;  its  prin- 
ciples became  established*  A large  range  of  electronic  instru- 
ments became  available  enabling  the  physicists  to  find  answers 
to  previously  unknown,  sometimes  mysterious  acoustical  problems, 
also  in  the  field  of  auditory  phenomena* 

In  the  30*8  of  this  century  the  cinema  has  found  its  voice 
(1-98)*  From  this  date  the  high  quality  recording,  amplifying 


27 


and  reproducing  of  sound  started  to  play  an  important  role  in 
several  walks  of  the  scientific,  educational,  cultural  and  soc- 
ial life#  The  extraordinary  development  of  radio  and  television 
broadcasting  has  presented  new  acoustical  problems  to  solve  and 
aroused  general  interest  in  listening  to  music# 

The  mass  production  of  architectural-acoustic  materials 
has  supplied  the  designers  of  buildings  with  the  necessary 
means  to  control  sound  in  architectural  spaces#  The  number  of 
Auditoria  which  are  being  built  all  over  the  world  and  require 
acoustical  considerations,  is  virtually  infinite# 

Considering  the  formidable  development  of  architectural 
acoustics,  it  is  noticeable  that  in  the  first  half  of  the 
20th  century  progress  was  more  pronounced  in  the  field  of 
room  acoustics#  Hov/ever,  in  view  of  today's  increasin^y 
worsening  noise  conditions  and  also  because  of  gradual  intro- 
duction of  thin,  light-weight  and  prefabricated  constructions 
in  the  building  industry,  it  is  anticipated  (and  in  fact  has 
already  been  e^qperienced)  that  in  the  years  to  come  a compa- 
rable progress  will  take  place  in  the  other,  hitherto  neg- 
lected offspring  of  architectural  acoustics,  i#e#,  noise 
control# 
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C*X  Origin  and  propagation  of  sound*  Speed  of  sound 

The  word  "SOUNl/' has  two  definitions: 

(a)  physically  speaking  it  is  a fluctuation  in  pressuref  a 
particle  displacenent  in  an  elastic  medium,  like  air; 
this  is  objective  sound; 

(b)  physiologically  it  is  an  auditory  sensation  evoked  by 
the  fluctuation  described  before;  this  is  s u b « 

j e c t i V e sound* 

In  this  study  SOUND  will  express  an  auditory  sensation  pro- 
duced through  the  ear  and  created  by  fluctuations  in  the  pres- 
sure of  air  (C-4,  C-32)*  The  fluctuations  are  usually  set  up 
by  some  vibrating  object,  e*g*  a struck  key  of  a piano  or  a 
plucked  string  of  a guitar* 

Sound  wave  motion  is  created  by  outwardly  traveling  layers 
of  compression  and  rarefaction  of  the  air  particles,  i*e*  by 
pressure  fluctuations  (C-1)*  The  air  particles  that  transmit 
sound  waves  do  not  change  their  normal  positions  (C-2);  they 
vibrate  about  their  equilibrium  positions  only  (which  are  their 
positions  when  no  sound  waves  are  transmitted}*  The  pressure 
fluctuations  are  superimposed  on  the  more  or  less  steady  atmos- 
pheric pressure  and  will  be  picked  up  by  the  ear* 

A sin^e,  full  displacement  "activity*'  of  the  particle  is 
called  a cycle*  The  distance  the  particle  moves  from  its 
rest  position  is  called  amplitude* 

The  speed  of  the  sound  wave  motion  at  68^F  (20^0) 
room  temperature  is  about  11^  ft  per  see  (344  m per  sec)* 

In  later  discussions  it  will  be  shown  that  it  is  this  rcdative- 
ly  low  speed  of  sound  that  leads  to  the  well  known  acoustical 
defects,  such  as  echo  and  excessive  reverberation* 
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C*2  Frequency,  pitch,  wavelength 

The  number  of  displacements  (vibrations)  that  the  particles 
undergo  in  one  second  is  called  frequency,  usually 
stated  in  cycles  per  second  (abbreviated  cps  or  r/s);  e.g. , if 
a string  undergoes  261  oscillations  in  one  second  (261  cps), 
it  will  produce  in  the  -ardrum  of  an  observer  the  subjective 
tone  of  middle  '*C*.  Frequency  is  an  objecti**  e physical  pheno- 
menon which  can  be  measured  by  instruments  (C-1,  C-2,  C-3). 

The  attribute  of  an  auditory  sensatio'i  v;hich  enables  us  to 
order  sounds  on  a scale  extending  from  low  to  high  is  called 
p i t c h . It  is  the  subjective  physiological  equivalent  of 
frequency.  The  pitch  depends  primarily  ’^ppn  the  frequency  of 
the  sound  stimulus  (0-32). 

A sound  sensation  having  pitch  is  called  tone. 

Pure  tone  (or  simple  tone)  is  a sound  sensation  of  a 
single  frequency  characterized,  therefore,  by  its  singleness 
of  pitch.  It  can  be  produced  by  striking  a tuning  fork.  Com- 
plex tone  isa  sound  sensation  characterized  by  more 
than  one  pitch,  e.g.,  that  produced  on  musical  instruments. 
\fliether  or  not  a person  hear^  a tone  as  simple  or  complex  de- 
pends on  ability,  experience  and  listening  attitude. 

The  distance  that  a sound  wave  travels  during  each  complete 
cycle  of  vibration,  i.e.,  the  distance  between  the  layers  of 
compression,  is  called  wavelength  . The  follov/ing 
constant  relationship  exists  between  wavelength,  frequency  and 
speed  of  sound: 

wavelength  x frequency  = speed  of  sound. 

A normal  ear  responds  to  sounds  within  the  audible  (audio) 
frequency  range  of  about  20  to  20,000  cps,  however,  frequen- 
cies higher  than  10,000  cps  are  of  negligible  importance  for 
the  intelligibility  of  speech  or  for  the  enjoyment  of  even 
Hi-Fi  music.  This  audio-frequency  range  varies  remarkably  with 
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different  people  and  different  ages  (C~7»  C-10). 

The  wavelength  of  sounds  within  the  frequency  range  of 
20  to  10,000  cps  extends  from  56  ft  to  about  1”.  The  consid- 
eration of  the  relationship  between  frequencies  and  wave- 
lengths of  sound  waves  is  quite  important  in  the  acoustical 
design  of  Auditoria.  Efficient  sound  absorptive,  sound  re- 
flective or  diffusive  room  enclosures  have  to  be  designed  in 
a fashion  so  that  their  dimensions  will  be  comparable  to  the 
wavelengths  of  those  frequencies  which  have  to  be  absorbed, 
reflected  or  diffused  respectively. 

C.3  Sound  pressure,  sound  intensity,  loudness 

The  fluctuation  in  the  atmospheric  pressure  caused  by  the 
vibration  of  air  particles  due  to  a sound  wave  is  called 
sound  pressure,  measured  in  dyn/cm  . The  ear  res- 
ponds to  a very  wide  range  of  sound  pressures,  nevertheless  the 
pressures  themselves  are  small;  e.g.,  at  1000  cps  the  faintest 
sound  that  will  evoke  an  auditory  sensation  in  the  average  per- 
son’s  ear  must  have  a pressure  of  0.0005  dyn/cm  (threshold  of 

p 

audibility),  while  sound  waves  with  a pressure  of  500  dyn/cm 
will  cause  actual  pain  in  the  ear  (threshold  of  pain).  This 
means  that  the  range  of  sounds  which  can  be  perceived  by  the 
human  ear  vary  by  a factor  of  one  million  in  their  pressure 
(C-1,  C-4). 

p 

The  dyn/cm  scale  extends  over  a too  wide  range  which  makes 
it  somewhat  awkward  to  deal  with  it.  Furthermore  it  does  not 
take  into  account  the  feet  that  the  ear  does  not  respond  equally 
to  changes  of  pressures  at  all  levels  of  intensity.  For  these 
reasons  it  seemed  convenient  to  measure  sound  pressures  on  a 
logarithmic  scale,  called  the  decibel  (abbreviated:  dB) 
scale.  This  scale  approximately  fits  the  human  perception  of 


ERIC 


36 


th«  loudness  of  sound  which  is  roughly  proportional  to  the  lo- 
garithn  of  the  sound  energy*  This  inplies  that  sound  energies 
proportional  to  lOf  100,  and  1000  would  produce  in  the  ear 
effects  proportional  to  their  logarithm,  i*e»,  to  1,  2,  and 

3 respectiwely*  If  we  multiply  numbers  of  this  logarithmic 
scal^"by  10,  we  have  established  the  decibel  scale*  The  unit 
of  this  scale,  the  decibel,  is  the  smallest  chang^i  in  sound 
energy  that  the  average  ear  can  detect  (C»25f  h-93)»  The  sound 
pressure  measured  on  the  decibel  scale  is  called  sound  pressure 
level*  Sound  pressure  and  sound  pressure  level  are  pure  physical 
quantities  (C-3)* 

Sound  pressure  levels  are  measured  by  a sound  level  meter* 
This  consists  of  a microphone,  amplifier  and  output  instrument 
which  measures  the  effective  sound  pressure  level  in  dB*  Vari- 
ous accessories  can  be  attached  to  or  incorporated  into  the 
basic  instrument,  according  to  its  required  purpose;  such  as^ 
frequency  analyzer,  weighting  network,  recorder,  etc*  Sound 
level  meters,  manufactured  in  various  sizes  and  by  many  firms, 
can  be  used  for  a number  of  purposes  in  architectural  acoustics; 
they  provide  an  important  instrument  in  the  evaluation  and  cont- 
rol of  noise  and  vibration* 

The  sound  intensity  in  a specified  direction 
at  a point  is  the  average  rate  of  sound  energy  transmitted  in 
the  specified  direction  through  a unit  area  normal  to  this  di- 
rection at  the  point  considered  (C-32)*  Sound  intensity  is  ex- 
pressed in  watt/cm^.  The  reference  intensity  generally  used  for 
zero  level  is  10**^^  watt/cm^*  The  sound  intensity  levels  are  ex- 
pressed in  dB-s  above  this  zero  level*  Multiplying  the  intensity 
by  10  at  any  point  in  the  scale  raises  the  sound  level  10  dB* 
Doubling  the  intensity  of  sound  at  any  point  along  the  scale 
always  raises  the  sound  level  about  3 dB  (C-5)*  A 3 dB  change 
in  the  sound  level  is  generally  perceptible,  3 dB  is  clearly 
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noticeable*  An  increase  of  10  dB  sounds  twice  as  loudf  15  dB 
means  an  appreciable  change  and  an  increase  of  20  dB  results 
in  a sound  vexy  much  louder  than  the  original  (6B-31)* 

Table  C*1  lists  examples  of  various  sound  intensities  ex- 
pressed in  dB-s« 

Table  0*1  Intensities  of  various  sound  sources 
esq^ressed  in  decibels. 


Sound  source 

Intensity 

dB 

Threshold  of  audibility 

0 

Quiet  Church  Hall 

10 

Rustle  of  leaves,  average  whisper 

20 

Average  Auditorium 

50 

Average  Office 

40 

Average  Store 

50 

Office  with  typewriters 

60 

Average  machine  shop 

70 

Moisy  street  comer 

80 

Full  volume  radio  music 

90 

Boiler  factory 

100 

Orchestral  music,  fortissimo 

110 

Jet  aircraft  engine 

120 

Threshold  of  pain 

130 

Loudness  is  the  intensive  attribute  of  an  auditory 
sensation^  in  terms  of  which  sounds  may  be  ordered  on  a scalsy 
extending  from  soft  to  loud  (C-32).  It  is  the  subjective  res- 
ponse to  sound  pressure  and  intensity*  The  loudness  level  of  a 
sound  in  p h o n s is  numerically  equal  to  the  sound  pressure 
level  (in  dB,  relative  to  0*0002  dya/ea^)  of  a pure  tone  of 
1000  cps  frequency  which  is  judged  by  listeners  to  be  equally 
loud  (C-2f  C-32)*  The  phon  scale  takes  into  account  the  varying 


sensitivity  of  the  ear  to  sounds  of  different  frequencies,  con- 
sequently it  is  an  objective  measure  (C-13,  C-17)# 

The  phon  is  the  unit  of  loudness  level,  while  the  unit  of 
the  loudness  itself  is  called  s o n e (C-18,  C— 19)*  3y  de- 
finition, a simple  tone  of  1000  cps  frequency,  40  dB  above  a 
listener*  s threshold  of  hearing,  produces  a loudness  of  1 sone. 
The  loudness  of  any  sound  that  is  judged  by  the  listener  to  be 
•*n'*  times  that  of  the  1 sone  tone  is  **n"  sones  (C-32). 

C«4  Acoustical  power  of  sound  sources 

The  average  acoustical  power  generated  by  all  soiind  sources 
is  surprisingly  small.  The  acoustical  power  which  a speaker 
has  to  produce  in  a room  to  make  himself  adequately  understood 
will  vary  between  10  and  50  microivatts  (usually  depending  on 
the  size  of  the  room),  consequently  the  resulting  sound  pres- 
sure is  very  small. 

The  minute  amount  of  acoustical  power  produced  by  a speaker 
will  be  illustrated  by  the  following.  The  simultaneous  loud 
speech  of  4 million  people  would  produce  the  power  necessary 
to  burn  a single  40  watts  light  bulb$  or,  as  Knudsen  describes 
it,  it  would  require  no  fewer  than  15»000,000  speakers  to  ge- 
nerate a single  horse  power  of  acoustical  energy  (C— 1). 

A singing  voice  or  a musical  instrument  radiates  several 
hundreds  or  even  thousands  of  microwatts  acoustical  power.  This 
explains  the  ease  with  which  a singer  with  his  voice  or  a mu- 
sician with  his  instrument’s  tone  can  fill  the  volume  of  an 
Auditorium  that  is  otherwise  too  large  for  unamplified  speech. 

C.5  The  human  ear  and  hearing 

When  alternating  pressures  of  a sound  wave  reach  our  outer 


ear,  the  vibrations  received  by  the  eardrum  will  be  multiplied 
by  means  of  smEuLl  bones  in  the  middle  ear  and  transmitted 
through  a fluid  to  nerve  endings  within  the  inner  ear*  The 
nerves  finally  transmit  the  impulses  to  the  brain  where  the 
final  process  of  hearing  takes  place;  thus  the  sensation  of 
sound  is  created  (C-12f  C-13f  C-22,  C-30,  C-31)» 

The  perception  of  the  human  ear,  as  mentioned  before,  is 
limited  in  range  to  frequencies  between  about  20  cps  at  the 
lower  end  and  20,000  cps  at  the  higher  end  of  the  scale  (C-7, 
C-*10,  C-13). 

The  minimum  sound  pressure  level  of  a sound  that  is  capable 
of  evoking  an  auditory  sensation  in  the  ears  of  an  observer  was 
called  in  subsection  the  threshold  of  audibility*  When  the 
pressure  of  the  sound  is  increased  ancl  the  sound  becomes  louder 
and  louder,  eventually  it  will  reach  a level  at  which  the  sen- 
sation of  hearing  becomes  uncomfortable*  That  minimum  sound 
pressure  level  of  a sound  which  will  stimulate  the  ear  to  a 
point  at  which  discomfort  gives  way  to  definite  pain,  was  called 
the  threshold  of  pain  (0*4,  0—32)*  Between  audibility  and  pain 
a pressure  increase  of  one  million  times  is  involved  which  shows 
the  extremely  wide  range  of  sound  pressure  to  which  the  ear  res- 
ponds* The  curves  of  the  threshold  of  audibility  and  of  the 
threshold  of  pain,  as  functions  of  frequency,  enclose  the  au- 
ditory sensation  area  of  the  human  ear  and  are  shown,  after  Ro- 
binson and  Dadson  (1936),  in  Figure  C*l*  In  this  figure  the 
frequency  (in  cps)  is  shown  along  the  horizontal  axis;  the  values 
of  sound  levels  (in  dB-s)  are  indicated  along  the  vertical  axis; 
plotted  against  these  two  variables  are  curves  of  equal  loud- 
ness (GB-52,  C-1)*  It  is  noticeable  that  the  ear's  sensitivity 
varies  remarkably  for  sounds  of  different  frequencies*  looking, 
for  example,  at  the  curve  of  threshold  of  audibility,  it  will 
be  seen  that  at  1000  cps  a minimum  sound  pressure  level  of  about 


sound  pressure  (decibel  above  o.ooos  d^i/cm*) 
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Figure  C*l*  The  Rohlnson-Dadeon  equal  loudness  leTel 
curves  shoving  the  re^on  of  auditory 
sensation  area  enelosed  by  the  curves  de<» 
fining  the  threshold  of  audibility  and 
the  threshold  of  pain  as  functions  ef 
frequency* 


4 dB  is  necessary  to  be  barely  perceived  by  the  eart  while  at 
50  eps  the  ear  will  not  respond  to  any  sound  unless  its  pres- 
sure reaches  a minimum  level  of  about  41  dB*  To  a certain  deg- 
ree ve  are  deaf  to  low  frequency  sounds*  The  reduced  sensitivity 
of  our  ears  in  the  lower  frequency  range  Is  most  fortunate*  It 
releaves  us  of  being  unnecessarily  annoyed  by  low  frequency 
noises  continuously  originating  from  our  atmospheric  environ- 
ment and  also  from  certain  physiological  functions  of  the  human 
body  (GB-52)*  On  the  other  hand  it  is  propitious  that  the  ear 
is  more  sensitive  to  sounds  in  the  frequency  range  between  about 
400  and  5000  cps  which  are  essential  for  speech  intelligibility 
(C-1)  and  for  the  full  enjoyment  of  music* 

The  restricted  sensitivity  of  the  human  ear  in  the  lower 
frequency  range  applies  to  sounds  of  not  too  loud  nature  only 
because  to  sounds  of  a higher  sound  pressure  level  the  ear  is 
almost  equally  sensitive  at  all  frequencies* 

Figure  C*1  also  illustrates  that  sounds  of  the  same  pressure 
but  of  different  frequencies  will  not  he  judged  by  the  ear  as 
equally  loud*  If  two  tones,  e*g*,  125  cps  and  4000  cps,  both  have 
a sound  pressure  level  of  50  dB,  the  former  will  be  judged  as 
16  phon,  while  the  latter  as  57  phon*  The  sound  pressure  level 
of  the  125  ops  tone  must  be  45  dB  if  it  is  to  evoke  the  same 
loudness  sensation  as  the  4000  cps  tone  of  50  dB  sound  pressure 
level*  In  other  words,  the  ear  is  less  sensitive  to  the  low 
frequency  125  cps  than  to  the  high  frequency  4000  cps  sound* 

On  the  other  hand,  a 4000  cps  tone  having  a sound  pressure 
level  of  only  20  dB  sounds  as  loud  as  a 65  cps  tone  having 
a sound  pressure  level  of  50  dB*  Both  will  have  a loudness  level 
of  27  phons* 

At  low  frequencies  a given  change  in  sound  pressure  level 
produces  a much  larger  change  in  loudness  level  than  does  the 
same  change  at  higher  frequencies  (C-1)* 
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It  must  be  acted  that  at  1000  cps  the  sound  pressure  levels 
in  dB  are  the  same  as  the  loudness  levels  in  phonSf  e*g.,  a sound 
pressure  level  of  80  dB  has  a loudness  of  80  phons.  The  graph 
on  Figure  C.l  also  enables  us  to  transpose  any  single  tone  from 
dB-s  into  phons,  or  vice  versa;  e.g.,  a tone  at  4000  cps  at  a 
sound  pressure  level  of  70  dB  will  have  a loudness  of  about 
80  phons* 


C*6  Timbre 

It  has  been  mentioned  before  that  musical  sounds  usually 
do  not  contain  a single  frequency  component  only  (as  created 
e.g., by  a tuning  fork).  They  include  several  frequencies:  low, 
medium  and  high  frequency  components;  they  are  called  complex 
tones. 

The  component  of  lowest  frequency  present  in  a complex  tone 
is  called  the  fundamental  , while  components  of 
higher  frequencies  are  called  par  tials.  If  the  frequen- 
cies of  the  par  tials  are  simple,  integral  multiples  of  the  fun- 
damental, they  are  called  harmonics.  Some  musical  in- 
struments generate  sounds  with  as  many  as  thirty  or  forty  har- 
monics in  the  audible  frequency  range.  In  some  cases  the  har- 
monics may  be  more  prominent  than  the  fundamentals  (C-l).  For 
many  musical  sounds  the  pitch  of  the  entire  complex  tone  seems 
to  be  the  same  as  that  of  the  fundamental,  nevertheless,  the 
partials  add  distinctive  qualities  to  the  tone.  It  is  the  re- 
lative number,  prominence,  pitch  and  intensity  of  the  harmonics 
or  partials  which  contribute  to  the  quality  or  timbre 
of  the  musical  sounds.  Timbre  is  that  attribute  of  auditory 
sensation  in  terms  of  which  a person  can  distinguish  between 
sounds,  similarly  presented  on  different  musical  instruments, 
having  the  same  pitch  and  loudness  (C-32). 


C*7  Directionality  of  sound  sources 


Although  sound  sources  radiate  sound  waves  in  all  di recti ons^ 
nevertheless 9 in  a region  free  from  reflecting  surfaces  the  in- 
tensity of  the  emitted  sound  will  be  most  pronounced  in  one  di- 
rection* To  put  it  more  preciselyf  the  radiation  pattern  will 
vary  with  the  frequency  of  the  emitted  sound  wave*  This  pheno- 
menon is  noticeable  with  the  human  voice 9 with  musical  instru- 
mentSf  with  loudspeakers  and  also  with  many  noise  sources  (C-89 
C-27). 

The  directionality  of  the  human  voice  in  a horizontal  plane 9 
visualized  through  the  mouth9  is  shown  in  Figure  C*2*  It  illus- 
trates that  the  radiation  of  high  frequency  speech  sounds  is 
more  pronounced  along  the  longitudinal  axiSf  while  the  distri- 
bution of  the  medium  (and  also  low)  frequencies  is  more  uniform 
in  all  directions*  This  can  be  particularly  observed  in  exces- 
sively wide  Auditoria  where  the  high  frequency  components  of 
speech  are  not  as  efficiently  radiated  to  the  side  seats  of  the 
front  rows  as  to  the  center  seats 9 resulting  in  a pronounced 
loss  of  intelligibility  at  these  side  seats*  Experience  has 
shown9  however9  that  in  the  radiation  pattern  of  the  human  voice 
the  frequency  discrimination  is  negligible  over  a total  angle 
of  90^  in  the  forward  direction* 


C*8  Masking 

It  is  well  known  that  while  even  a subdued  voice  will  be  un- 
derstandable in  a quiet  room9  it  will  be  extremely  difficult  to 
understand  even  a raised  voice  above  the  roar  of  an  airplane  en- 
gine* This  drowning  out9  or  masking9  occurs  because  the 
aiulitory  nerves  in  the  ear  are  unable  to  carry  all  the  impulses 
to  the  brain  at  one  time  (C-4)* 
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Figure  C#2.  Directionality  of  the  human  voice 
in  a horizontal  plane  visualized 
through  the  mouth* 
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Masking  is  a frequent  phenomenon  in  Audltoria  of  inadeqxiate 
acoustical  design  tdien  undesired  noise  makes  it  difficult  or  im- 
possible to  hear  and  understand  or  appreciate  the  desired  sound* 
According  to  the  standard  definitioUf  masking  is  the  process  by 
which  the  threshold  of  audibility  for  one  sound$  e«g*^ speech  in 
an  Auditoriumf  is  raised  by  the  presence  of  another  (masking) 
sound,  e*g»,  street  noise  or  ventilating  noise* 

Low  frequency  sounds  produce  a considerable  masking  effect 
upon  high  frequency  sounds,  particularly  if  these  low  frequency 
sounds  are  significantly  loud*  Excessive  low  frequency  noises 
constitute,  therefore,  a serious  source  of  interference  for 
listening  to  speech  or  music,  since  they  will  mask  wanted  sounds 
of  the  entire  audio-frequency  range*  The  elimination  of  these 
low  frequency  noises  is  an  importsmt  goal  in  the  acoustical  de- 
sign of  Auditoria* 

High  frequency  sounds  create  only  a limited  masking  upon  low 
frequency  sounds*  The  masking  effect  is  most  pronounced  when  the 
masking  sound  has  almost  the  same  frequency  as  the  masked  sound* 


C*9  Sound  and  distance*  Propagation  of  soimd  in  the  open  air 

In  a free  field  (free  from  reflecting  surfaces)  a sound  wave 
travels  outward  from  its  source  in  a spherical  wave  front,  con- 
sequently, its  energy  will  be  spread  over  a continuously  exten- 
ding surface*  Since  the  area  of  a sphere  is  proportional  to  the 
square  of  its  radius,  it  follows  that  the  intensity  of  sound  at 
cmy  point  is  inversely  proportional  to  the  square  of  the  dis- 
tance from  the  source  to  that  point  (C-4,  C-5)*  This  is  known 
as  the  inverse  square  law  in  architectural  acoustics  (C-9,  C-14, 
C-21,  C-24)* 

Where  there  are  no  reflecting  surfaces  the  reduction  of  the 
intensity  of  sound  can  be  regarded  to  be  6 dB  every  time  the  dis- 
tance from  the  source  is  doubled  (C-4,  C-28,  (rB-33)* 
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If  it  is  essential  to  preserve  the  intensity  of  sound  in 
the  open  air  (e»g«y  in  the  case  of  Open-Air  Theaters) » its  rapid 
attenuation  can  be  counterbalanced  by  the  application  of  sound 
reflectors  around  the  sound  source*  Properly  located  and  effi- 
ciently detailed  30\uid  reflectors  will  create  a remarkable  in- 
crease in  sound  level  over  the  audience  area*  The  increased  ab- 
sorbing effect  of  the  audience  itself  and  the  masking  effect  of 
the  background  noise  (a  mixture  of  all  sources  of  interfering 
interior  and  exterior  noises)  will  be  compensated  to  some  ex- 
tent by  sloping  the  audience  area  upwards  and  by  shielding  the 
affected  area  against  exterior  noises*  These  conditions  of  im- 
proved acoustics  in  an  Open-Air  Theater  are  illustrated  in 
Figure  C*5* 
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Rapid  attenuation  of 
sound  level  in  the  open 
air  can  be  reduced  by 
the  application  of  sound 
reflectors  close  to  the 
sound  source « 
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Sound  from  an  orchestra 
shell  in  an  open  field 
vith  horizontally  seated 
audience*  The  loudness 
of  sound  decreases  rap- 
idly as  it  travels  over 
the  audience* 


Sound  from  an  orchestra 
shell  in  an  open  field 
with  audience  on  raked 
seats*  The  loudness  of 
sound  at  the  rear  of 
the  audience  is  enhanced 
by  sloping  the  seating 
upvardSf  and  by  shiel- 
ing the  affected  area 
against  exterior  noise* 


Pigure  Acoustically  improved  listening  conditions  in  am 

Open-Air  Theater*  (Reprinted  from  Music^  Acoustics 
and  Architecture  by  L.L*  Beranek»  John  Wiley  and 
SonSy  New  Yorky  1962) « 
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PARI  II. 

Room  ACOUSTICS 
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Section  D,  Acoustical  Phenoaena  in  an  Enclosed  Space 

D0I  Sound  reflection 
D,2  Diffraction 

dm3  Sound  absorption*  Absorption  coefficient 
D*4  Diffusion 

D*5  Growth  and  decay  of  sound  in  a roon*  Borer** 
beration  tine 

D*6  Boon  resonance.  Noraal  nodes 
Beferences 


It  was  Bontioned  in  the  preceding  Section  that  in  a free 
field  the  energy  of  sound  vaveSf  traveling  outwards  fron  their 
original  source  in  a continuously  extendixig  spherical  wave 
front,  will  gradually  attenuate  as  the  distance  from  their 
source  increases* 

In  architectural  design,  however,  room  acoustical  prohlems 
of  enclosed  spaces  are  mostly  encountered.  The  propagation  and 
behaviour  of  sound  waves  in  enclosed  spaces  is  more  complex 
than  in  the  open  air  and  it  will  certainly  require  experience 
and  imagination  to  follow  the  rather  complicated  path  of  even 
a single  sound  wave  inside  a room* 

i 

The  study  of  the  behaviour  of  sound  waves  in  a room  can  be 
simplified  if  we  substitute  the  outwardly  spreading  layers  of 
compression  and  rarefaction  with  imaginary  sound  rays,  perpen- 
dicular to  the  advancing  wave  front,  traveling  in  straight  lines 
in  every  direction  of  the  space,  quite  similarly  to  beams  of 
light  in  optics*  This  approach  in  architectural  acoustics,  that 
likens  the  behaviour  of  sound  waves  to  those  of  light  rays,  is 
called  geometric  acoustics.  Figure  D*1  illustrates  that  when 
sound  waves  strike  the  enclosures  of  a room,  part  of  their  energy 
will  be  reflected,  part  of  it  will  be  absorbed,  and  part  of  It 
will  be  transmitted  through  the  structiure  into  other  rooms  of 
the  building* 

The  behaviour  of  sound  in  enclosed  spaces  will  be  discussed 
in  this  Section  (b-1,  D-2,  D-3t  b-8,  0-26)* 

D*1  Sound  reflection 

Hard,  rigid  and  flau  surfaces,  such  as  concrete,  plaster, 
fi^ass,  etc*,  will  reflect  almost  all  incident  sound  energy  strik- 
ing these  surfaces*  This  phenomenon  of  sound  reflection  is 
quite  similar  to  the  well  known  reflection  of  light  (D-l), 
since, (a)  the  incident  and  the  reflected  sound  rays  lie  in  the 


Flgart  D»l»  The  behaviour  of  sound  in  an  enclosed  space* 

1 incident  sound 

2 direct  wave  front 

3 reflected  sound 

4 reflected  wave  front 

5 sound  transmitted  thrcu£^  enclosure 

6 sound  absorbed  at  vsdl  surface 

7 sound  absorbed  in  the  air 

8 sound  energy  dissipated  within  the  structure 
structure^bome  sound  conducted  to  other  parts 
0^  the  building 

10  sound  radiated  by  flexural  vibration  of  the 
enclosure 

11  acoustic  shadow 

12  diffraction  of  sound  throu^  opening 

13  multiple  sound  reflection  contributing  to 
reverberation 

14  diffused  sound  due  to  surface  irregularities 
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sane  plane,  and  (b)  the  angle  of  the  Incident  sound  vave  will 
equal  the  angle  of  reflection  (law  of  reflection).  In  Figure 
D.l  sound  rays  1 and  3 illustrate  the  phenomenon  of  sound  reflec- 
tion. It  must  be  remembered,  however,  that  the  wavelengths  of 
soimd  waves  are  much  larger  than  those  of  the  light  rays, 
and  the  law  of  sound  reflection  is  valid  only  if  the  wave- 
lengths of  the  sound  waves  are  small  compared  to  the  dimensions 
of  the  reflecting  surfaces.  This  means  that  the  application  of 
this  law  must  be  very  critically  considered  for  low  frequency 

sounds  and  for  small  rooms  (CrB-52). 

Concave  reflecting  surfaces  will  tend  to  concentrate  while 
convex  surfaces  will  disperse  the  reflected  souLd  waves  in  the 
rooms  (D— 1,  D-38,  GB-53)* 

In  medium  and  large  size  Auditoria  hearing  conuitions  can 
be  considerably  improved  by  the  application  of  large  and  suitab- 
ly located  sound  reflectors  (further  discussed  in  Section  P). 


D.2  Diffraction 

Diffraction  is  the  acoustical  phenomenon  which  causes  the 
sound  waves  to  be  bent  and  scattered  around  obstacles  (comers, 
piers,  columns,  walls,  beams,  etc.),  so  that  those  elements  do 
not  cast  a complete  acoustic  shadow  as  shown  at  area  11  of  Figure 
D.l,  but  wave  "fringes"  will  develop  around  the  obstacles,  as 
shown  at  area  12  of  the  same  Figure  (D-1,  D-38,  GB-53)#  Diffrac- 
tion, i.e.,  the  bending  and  scattering  of  sound  waves  around  ob- 
stacles, is  more  pronounced  for  low  frequency  sounds  than  for 
hi£^  frequency  sounds.  This  repeatedly  proves  that  the  laws  of 
geometric  acoustics  are  inadequate  to  predict  precisely  the  be- 
haviour of  sound  in  enclosed  spaces  because  the  obstacles  usually 
encountered  in  room  acoustics  are  too  small  compared  to  the  wave- 
lengths of  the  audible  sound  waves.  Geometric  acoustics,  a use- 
ful approach  in  the  problems  related  to  high  frequency  sounds. 
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is  hardly  applicable  to  frequencies  below  250  cps  (l)-73}> 
other  words,  low  frequency  sounds  (of  long  wavelengths)  will 
not  respect  the  laws  of  geometric  acoustics  if  they  encounter 
architectural  elements  of  small  dimensions;  in  particular,  (a) 
they  will  not  travel  in  "rectilinear"  directions  through  an 
opening,  and  (b)  they  will  not  diffract,  or  be  scattered  by 
small  scale  architectural  elements  such  ao  beams,  coffers,  pi- 
lasters, cornices,  etc.,  of  small  dimensions  (B-38,  D-73)o 

Experience  gives  ample  evidence  that  deep  galleries  cast 
an  acoustic  shadow  on  the  audience  underneath,  causing  a notice- 
able loss  in  the  high  frequency  soimds  (with  short  wavelengths) 
which  do  not  bend  around  the  protruding  balcony  edge*  This  con- 
dition creates  poor  hearing  conditions  under  the  balcony.  It  is 
the  diffraction,  however,  ihat  lessens  this  acoustical  defect, 
but  only  at  the  lower  region  of  the  audio-frequency  range* 

D*5  Sound  absorption*  Absorption  coefficient 

It  is  well  known  that  soft,  porous  materials,  fabric  furnish- 
ings and  people  absorb  a considerable  portion  of  the  sound  waves 
bouncing  on  them,  in  other  words,  they  are  sound  absorbers*  By 
definition,  sound  absorption  is  the  change  of  sound  energy  into 
some  other  form,  usually  heat,  in  passing  through  a material  or 
on  striking  a surface  (C-32).  The  amount  of  heat  produced  by  the 
conversion  of  sound  energy  into  heat  energy  is  ex’tremely  small* 

Practically  all  the  building  materials  absorb  sound  in  some 
degree;  however,  effective  sound  control  of  buildings  will  re^ 
quire  the  application  of  materials  vdiich  are  efficient  sound  ab- 
sorbents, often  termed  "acoustical"  materials* 

In  the  various  types  of  Auditoria,  the  following  elements 
contribute  to  the  overall  sound  absorption  of  the  room:  (a)  the 


59 


surface  treataents  of  the  room  euclosuresy  auch  aa  vallat  floor, 
ceiling  (see  area  6 of  Figure  D.l);  (b)  room  contents,  such  as 
the  audience,  seats,  draperies,  carpets,  flowers,  etc.?  (c)  the 
air  of  the  room  (see  area  7 of  Figure  D.l).  The  various  types 
of  sound  absorbing  materials,  properly  classified,  and  other  e- 
lerents  contributing  to  sound  absorption,  will  be  discussed  later 
in  Section  £• 

The  efficiency  of  the  sound  absorption  of  a material  at  a 
specified  frequency  is  rated  by  the  sound  absorp- 
tion coefficient.]^  definition,  the  sound  ab- 
sorption coefficient  of  a surface  is  the  fraction  of  incident 
sound  energy  absorbed  or  otherwise  not  reflected  by  the  surface 
(C-32).  It  is  denoted  by  the  Greek  letter  alpha  (OC).  The  oc 
value  of  the  various  materials  can  vary  between  0 and  1} 
if  at  500  ops  an  acoustical  material  absorbs  65  ^ of  the  incident 
sound  energy  and  reflects  35  % of  it,  then  the  sound  absorption 
coefficient  of  this  particular  material  is  0.65.  The  sound  ab- 
sorption coefficient  varies  with  the  angle  at  which  the  sound 
wave  impinges  on  the  material  and  also  with  the  frequency  (D-34). 
Values  of  sound  absorption  coefficients  at  a certain  frequency, 
published  in  the  architectural  acoustical  literature,  are  ave- 
raged over  all  angles  of  incidence  at  that  particular  frequency 
(random  incidence). 

For  practical  purposes  it  is  a stiuidard  practice  to  list  OC 
values  at  representative  frequencies  throu^issut  the  most  impor- 
tant part  of  the  audio-frequency  range,  i.e.,at  128,  256,  512, 
1024,  2048  and  4096  ops;  or  at  125,  250,  500,  1000,  2000  and 
4000  cpst  For  all  practical  purposes  the  two  series  of  frequen- 
cies can  be  regarded  as  identical  (GB-21).  In  the  sound  control 
calculation  of  acoustically  sensitive  rooms  (such  as  Concert 
Halls,  Eadio  and  Television  Studios,  etc.)  it  is  essential  to 
consider  additional  OC  values  below  and  above  this  frequency 
range  (D-30).  The  sound  absorption  coefficient  of  the  various 


builA^.ng  and  acoustical  materials  will  also  depend  on  many  othei- 
factors  which  will  he  dealt  with  in  Section  £• 

In  the  architectural  acoustical  literature  and  in  informat- 
ion sheets  published  by  manufacturers  and  dealers,  commercial, 
acoustical  materials  are  sometimes  characterized  by  their 
noise  reduction  coefficient  (abbre- 
viated NRG)  which  is  the  arithmetic  average  of  the  sound  absorp- 
tion coefficients  at  the  frequencies  250,  500,  1000  and  2000  cps, 
e^cpressed  to  the  nearest  multiple  of  0*05  (HI— 12)#  This  value 
ai^t  be  of  some  use  in  comparing  the  acoustical  efficiency  of 
standard  acoustical  materials  to  be  used  for  simple  noise  re- 
duction purposes;  however,  the  NRG  values  are  seldom  used  in  a^ 
ooustical  calculations* 

The  sound  absorption  of  a surface  is  measured  in  s a b i n s 
having  the  dimensions  of  ft^  (in  the  metric  systems  m^)#  for 
example,  an  acoustical  treatment  extending  over  an  area  of  160  f t^ 
and  having  a sound  absorotion  coefficient  of  bC  * 0*50,  has  a 
total  absorption  of  See  » 160  x 0*50  s 80  sabins*  W*C*  Sabine 
called  the  absorption  units  "open  window  units"  because  they  are 
the  equivalent  in  absorption  to  an  identical  area  of  open  window, 
which  naturally  absorbs  100  ^ of  the  incident  sound  energy  and, 
therefore,  has  an  absorption  coefficient  of  1«0*  The  "open  win^ 
dow  unit"  expression  has  been  renamed  "sabins"  to  commemorate 
Professor  Sabine* 


P*4  Diffusion 

If  the  sound  pressure  is  the  same  in  all  parts  of  an  Audit- 
orium and  it  is  probable  that  sound  waves  are  traveling  in  all 
directions,  the  sound  field  in  such  a room  is  said  to  be  homo- 
geneous, in  other  words,  sound  diffusion  prevails  in  the  room* 
Adequate  sound  diffusion  is  an  important  acoustical  characteris- 
tic of  certain  types  of  Auditoria  (Goncert  Halls,  Radio  and  Re— 
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cording  StudioOf  Kusic  Roona)  because  It  prosotea  a unlfozm  dis~ 
tributlon  of  soi^nd,  it  accentuates  the  natural  qualities  of 
speech  and  auslc^and  prevents  the  rise  of  various  acoustical  de- 
fects (JD-21,  D-41#  D-44,  0-46,  D-58,  GB-21), 

Diffusion  of  sound  can  he  created  in  several  ways*  (a)  by 
the  generous  application  of  surface  irregularities  and  scatte- 
ring elements;  such  as, pilasters,  piers,  e^qtosed  beams,  coffered 
ceilings,  serrated  enclosures,  etc.;  (b)  by  the  alternate  appli- 
cation of  sound  reflective  and  sound  absorptive  surface  treat- 
ments; and  (c)  by  the  irregular  and  random  distribution  of  the 
sound  absorptive  treatments.  Xt  must  be  remembered  again,  that 
the  overall  dimensions  of  the  surface  protrusions  and  of  the 
patches  of  absorptive  treatments  must  be  comparable  to  the  wave- 
length of  every  soundwave  within  the  entire  audio— frequency  range. 
The  projections  of  the  surface  irregularities  must  reach  at  least 
1/7  of  the  wavelengths  of  those  sound  waves  which  have  to  be 
diffused  (0-1,  0-11,  0-18,  D-56,  0-60,  D-61,  0-65,  0-67). 

D.5  Growth  and  decay  of  sound  in  a room.  Reverberation  time 

When  a steady  sound  is  generated  in  a room  the  sound  pres- 
sure will  gradually  build  up  and  it  will  take  some  time,  in  most 
rooms  about  1 second,  until  it  reaches  its  steady  state  value 
(0-1).  If  the  sound  field  is  diffuse  in  the  room,  i.e.,the  sound 
energy  is  uniformly  spread  over  all  the  room,  and  sound  waves 
are  traveling  in  all  directions,  then,  the  steady  state  sound 
pressure  level  will  be  directly  proportional  to  the  acoustic 
power  output  of  the  source  and  inversely  proportional  to  the 
total  absorption  of  the  room  (GB-52). 

Similarly^  when  the  source  of  the  sound  has  stopped,  a notice- 
able time  will  elapse  before  the  soimd  will  die  away  (decay)  to 
inaudibility.  This  prolongation  of  sound  as  a result  of  suoces- 
sive  reflections  in  an  enclosed  space  after  the  source  of  sound 
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is  "turned  off**,  is  called  reverberation  (C-3f2)» 
Reverberation  has  a distinct  effect  on  the  hearing  conditions 
of  Auditoria  because  its  presence  vill  modify  the  perception  of 
transient  sounds  (i»e»^  those  having  sudden  starting  or 
stopping  characteristics)*  It  is  an  important  goal  in  the  rever- 
beration control  of  Auditoria  that  transient  sounds  of  speech 
and  music  be  most  favorably  preserved  to  secure  the  highest  in- 
telligibility of  speech  cmd  the  full  enjoyment  of  music*  Speech 
transients  (consonant  sounds  and  syllables)  follow  one  another 
at  the  rapid  rate  of  about  10  to  12  per  second*  The  rate  of  suc- 
cession of  musical  sounds  widely  varies  depending  on  the  type 
of  music  but  can  be  as  high  as  20  notes  a second*  It  ist  there- 
fore» obvious  that  excessive  reverberation  will  create  an  acous- 
tical condition  under  which  transients  preceding  the  ones  upon 
which  momentary  attention  is  focussed  remain  perceptible,  mas- 
king and  overlapping  subsequent  speech  or  musical  sounds  (B-l, 
D-25,  D-35,  GB-21)* 

The  unfavorable  (often  disastrous)  acoustical  conditions  pre- 
vailing in  highly  reverberant  Auditoria  (mainly  Churches,  such  as 
the  Cathedrals  of  Cologne  and  Milan,  St*  Peter* s in  Rome,  etc*) 
are  well  known  to  everybody*  Speech  intelligibility  is  practi- 
cally non-existent  in  those  Auditoria  (R-29)* 

The  importance  of  reverberation  control  in  the  acoustical 
design  of  Auditoria  has  necessitated  the  introduction  of  a rele- 
vant standard  of  measure:  the  reverberation  time 
(abbreviated:  R*T*  in  subsequent  discussions)*  This  is  the  time 
for  the  sound  pressure  level  in  a room  to  decrease  60  dB  after 
the  source  of  the  sound  is  stopped  (C-32)* 

As  mentioned  before,  V*C*  Sabine  of  Harvard  University  was 
the  first  who  established  quantitative  relationship  between 
R«T*,  the  volume  of  the  room  and  the  total  amount  of  absorption 
applied  along  the  enclosures  of  the  room  (B-l,  B-2)*  The  Sabine 
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formula  for  the  calculation  of  H*T*  is: 


R.T.  = 0^ 


where  R.T. 
0.049 
V 
A 


is  the  reverberation  time  in  secondsy 
Is  a constant^ 

is  the  volume  of  the  room  in  ft^»  and 

p 

is  the  total  absorption  in  ft  units* 


The  absorption  of  a surface  is  found  by  multiplying  its  area 
by  its  absorption  coefficient  (OC  )jsnd  the  total  absorption  "A” 
is  obtained  by  the  addition  of  these  products  with  the  inclusion 
of  the  absorption  provided  by  the  audience  and  other  room  con- 
tents (seatsi  furnishingSi  etc.)*  Thus 


A « Sj^oc  3.  + Sg  2 + ^ ... 

p 

where  ...  are  the  individual  areas  in  ft%  and 
...Ofjj  are  their  respective  absorption 
coefficients. 

In  simple  cases  the  Sabine  formula  is  sufficiently  accurate 
to  give  a quick  idea  as  to  the  H.T.  of  a room,  however,  for 
more  precise  calculations  the  following  improved  formula  is 
used,  developed  by  Jager,  Korris,  and  Eyring  (D-4,  D-5,  D-26, 
D-35,  D-48,  D-73): 

* 3 [ -2.30  lo^Q^^l-6cJJ^xV 

where  S is  the  total  surface  area  of  the  room 
in  ft^, 

S.  is  the  average  absorption  coefficient 
of  all  the  room  surfaces,  and 
X is  the  air  absorption  coefficient  de- 
pendent on  the  temperature  and  humidity 
of  the  air,  and  also  on  the  frequency 
of  the  sound. 


Since  the  air  absorption  is  negligible  in  the  lower  frequen- 
cy rangey  the  term  xV  is  considered  at  the  higher  frequencies 
only  (at  1000  cps  and  above)*  Table  D*1  gives  values  of  the  air 
absorption  xV  in  ft^  unitsy  for  a volume  of  1000  ft^,  and  f or 
a X'oom  temperature  of  70®  P (B-122)* 


Table  D*l*  Air  absorption  xYy  in  ft^  anitsy 
for  a volume  of  1000  ft^y  and  for  a room 
temperature  of  70®  F* 


Frequency 

Relative  humidityy  ^ 

80 

cps 

30 

40 

50 

60 

70 

1000 

1 

1 

1 

1 

1 

1 

2000 

3.5 

2.5 

2.5 

2 

2 

2 

4000 

12 

9 

7 

6 

5 

5 

6000 

28 

21 

16 

13 

11 

10 

8000 

47 

i 

35 

28 

23 

20 

17 

The  average  absorption  coefficient  OC  can  be  obtained  from 
the  following  equation: 


where  A is  the  total  absorption  in  ft^  iinitSy  and 
S is  the  total  surface  area  of  the  room  in 
ft2. 

Whenever  the  average  absorption  coefficient  cc  is  smally  e«;g*) 
0*10  or  lessy  the  temj^2*30  lei^o  ^ numerically  very 
close  to  6c  y thereforoy  for  values  of  oc  less  than  0*10  the 
following  simplified  formula  can  be  used: 


R*T« 


(ftmi 

A+xY 


When  6c  is  more  than  O.lOy  the  more  complete  formula  should 
be  used  for  the  calculation  of  the  R.T#  in  which  values  of 
1^2*30  log^^Q  (1-  oc  j]for  given  values  of  ^ can  be  obtained 
from  Table  D*2  (0-73) • 


4 

V 


A 

V 

V 
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latle  D.2.  Values  of [^2. 30  lofiio  (l-*yfor 
glYen  values  of  ^ 


Sc 

-2.30  losio  (l-«) 

oic 

-2.30  loao  (1-^) 

•01 

•0100 

.31 

.3706 

.02 

.0202 

.32 

.3852 

.05 

.0504 

.33 

.4000 

.04 

•0408 

.34 

.4X51 

.05 

.0515 

.35 

.4303 

.06 

.0618 

.36 

.4458 

.07 

.0725 

.37 

.4615 

•08 

.0855 

.38 

.4775 

.09 

.0942 

.39 

.4937 

.10 

.1052 

.40 

.5103 

.U 

•1164 

.41 

.5270 

.12 

.1277 

.42 

.5441 

.15 

.1391 

.43 

.5615 

•14 

.1506 

.44 

.5792 

.15 

.1623 

.45 

.5972 

.16 

.1742 

.46 

.6155 

.17 

.1861 

.47 

.6342 

.18 

.1982 

.48 

.6532 

.19 

•ao5 

.49 

.6726 

.20 

• 2229 

.50 

.6924 

• 21 

.2355 

.51 

.7125 

.22 

• 2482 

.52 

.7331 

.25 

.26U 

.53 

.7542 

.24 

.2741 

.54 

.7757 

.25 

.2874 

.55 

.7976 

.26 

.3008 

.56 

.8201 

.27 

.3144 

.57 

.8430 

• 28 

.5281 

.58 

.8665 

a\ 

CVJ 

« 

.34a 

.59 

.8906 

.50 

.3565 

.60 

.9153 

It  must  be  stressed  that  all  reverberation  formulae  apply 
only  to  Auditorla  in  which  the  sound  is  diffuse^  l«e«)the  sound 
energy  is  evenly  distributed  all  over  the  room  and  therefore  the 
sound  dies  away  in  a smoothy  even  meuinery  free  from  disturbing 
fluctuations.  The  sound  field  cannot  be  considered  as  diffuse 
in  rooBS  (a)  which  have  acoustical  treatments  concentrated  on 
just  a single  area  (or  very  few  areas) f (b)  which  have  enclosures 
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creating  reflected  sound  concentrations  (highly  reflective  domeSf 
curved  and  acoustically  untreated  walls,  etc*},  (c)  if  one  room 
dimension  is  disproportionately  different  from  the  other  two  di- 
mensions (GB-21)*  In  reality,  few  Auditoria  exist  in  which  the 
sound  field  is  truly  diffuse*  For  this  reason  considerable  dis- 
crepancy will  be  observed  between  measured  and  calculated  R*T* 
values  in  most  Auditoria*  Fortunately,  the  achievement  of  a per- 
fectly diffuse  sound  field  in  a room  is  not  necessary  either,  be- 
cause under  completely  diffuse  conditions  the  directional  charac- 
teristic of  the  approaching  sound  waves  would  fade  away* 

Since  the  absorption  of  the  various  materials  and  finishes 
used  in  the  design  of  Auditoria  varies  with  frequency  (often  very 
considerably),  naturally  the  R*T.  values  will  also  vary  with 
frequency*  It  is,  therefore,  essential  to  specify  or  calculate 
the  R*T*  for  a number  of  representative  frequencies  of  the  audio- 
frequency range*  The  number  of  these  representative  frequencies 
will  depend  on  the  importance  attached  to  acoustical  considerat- 
ions* If  reference  is  made  to  a R*T*  value  without  referring  to 
any  particular  frequency,  this  is  generally  agreed  to  be  the  R*T* 
at  312  (or  300)  cps  (GB-21)* 

Figure  D*2  illustrates  reverberation  time  diagrams  of  various 
well  known  Auditoria* 

Excessively  long  R*T*  can  be  easily  detected  in  an  existing 
Auditorium  by  simply  listening, because  speech  will  be  probably 
unintelligible  and  music  linen joyable  in  such  a room*  However,  if 
the  acoustical  correction  of  such  an  existing  Auditorium  is  in- 
evitable, the  correct  steps  to  be  taken  cannot  be  based  on  lis- 
tening experience,  i*e*, subjective  judgement  alone  (D-63)*  Pre- 
cise acoustical  measurements  will  have  to  be  conducted  in  such 
cases  to  establish  the  amount  of  acoustical  treatment  that  is 
necessary  in  the  room  (D-17,  b-*33)* 
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Figure  D»2m  ReTerberatlon  dlagraae  of  varioue  outstanding  Audi- 

torla.  A : Httsikvereinssaal,  Vienna  (TOlumes  530tOOO  ft^, 
audience « 1680)  $ B : BeethOTenhalle,  Bonn  (Toluae  m 
355tOOO  ft>f  audiences  1407);  C : Kresge  Auditoriun, 
Cavbridge,  Mass.  (Tolune  «334fOOO  ft3,  audience  « 1238) ; 

D ; Rovnl  Festival  Hall^  London,  England  (volume  *= 
775»000  ft3,  audiences 3000);  E : Teatro  alia  Scala, 
Milan  (volumes 397,000  ft3,  audiences  2689)* 
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D»6  Room  resonance.  Normal  modes 

If  water  is  poured  into  a ;jary  it  will  create  a gurgling 
tone^  the  frequency  of  which  will  gradually  increase  as  the 
amount  of  water  in  the  jar  increases.  The  jar  resonates  at 
certain  frequencies,  similar  to  a bathroom  which,  by  its  own 
resonance,  often  encourages  the  vocal  ambitions  of  home  sing- 
ers. It  appears  that  an  enclosed  room  with  sound  reflective 
interior  surfaces  will  accentuate  certain  frequencies  called 
the  normal  modes  of  vibration  of 
the  room  (D-1,  D-9,  D-19»  D-51)* 

Rooms,  depending  on  their  shapes  and  dimensions,  will  have 
an  extremely  large  number  of  normal  modes  (also  called  re- 
sonant frequencies  or  eigen tones  of  the  room)*  When  a complex 
sound  is  produced  in  a room,  it  will  excite  the  room  modes 
nearest  in  frequency  to  the  components  of  the  original  sound. 

If  only  a few  prominent  modes  are  excited,  there  may  be  un- 
desirable fluctuations  during  the  growth  and  decay  of  sound 
(D-20). 

The  deleterious  effect  of  too  few  modes  is  particularly 
noticeable  (a)  at  the  lower  frequency  range  where  these  modes 
are  unequally  distributed  and  therefore  will  stand  out  more 
strikingly,  and  (b)  in  small  and  medium  sized  rooms  of  com- 
parable dimensions  to  the  wavelengths  of  the  audible  low 
frequency  sounds  (D-13,  D-23,  D-47#  D-49)* 

The  number  of  the  normal  modes  of  vibration  cannot  be  al- 
tered within  the  same  room  but  their  distribution  can  be  ren- 
dered more  uniform  and  so  their  detrimental  contribution  can 
be  reduced  (a)  by  acoustically  favorable  room  proportions 
(discussed  in  Section  P),  (b)  by  irregularly  laid  out  room 
enclosures,  (c)  by  abundantly  applied  surface  irregularities 
of  large  dimensions,  and  (d)  by  the  unifonn  distribution  of 
absorptive  treatments  along  the  boundary  enclosures  (D-l,D-44)* 
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All  building  materials  and  finishes  used  in  the  construction 
of  Attditoria  have  the  capability  of  absorbing  sound  in  some 
degree*  In  this  Section,  however,  only  those  proprietary  or 
custom  designed  building  materials  and  room  contents  will  be 
considered  which  will  contribute  significantly  to  the  reverbe- 
ration control  of  Auditoria,  or  to  the  noise  reduction  of  rooms 
(B-1,  E-5). 

Although,  under  special  conditions,  many  of  the  sound  ab- 
sorptive building  materials  and  acoustical  materials  are  also 
successfully  used  in  sound  insulating  constructions  (to  be  dis- 
cussed in  Section  M),  yet  sound  absorption  should  not  be  con- 
fused with  sound  insulation* 

On  striking  any  surface,  sound  will  be  either  reflected  or 
absorbed;  the  sound  energy  which  is  absorbed  by  the  absorbing 
material  will  be  partially  converted  into  heat  energy,  but  most- 
ly transmitted  to  the  other  side  of  the  absorbing  materialf  un- 
less such  transmission  is  restrained  by  a backing  of  a hard,  im- 
pervious and  heavy  barrier*  In  other  words,  a good  sound  absor- 
ber is  an  efficient  sound  transmitter  and,  consequently,  an  in- 
efficient sound  insulator.  An  effective  sound  insulating  en- 
closure, on  the  other  hand,  will  prevent  the  transmission  of 
sound  from  its  one  side  to  the  other* 

Sound  absorbing  materials  and  constructions  used  in  the  a- 
coustical  design  of  Auditoria  or  for  the  sound  control  of  noisy 
rooms  can  be  classified  as:  (1)  porous  materials,  (2)  membrane 
absorbers,  and  (3)  cavity  resonators* 

Acoustical  materials  from  any  of  these  classifications,  and 
also  the  combinations  of  these  materials  (as  individually  de- 
signed acoustical  treatments),  can  be  mounted  on  the  room  en- 
closures or  suspended  in  the  air  as  space  absorbers* 

This  Section  describes  the  most  frequently  used  acoustical 
materials  and  also  the  various  room  contents  which  contribute 
to  the  overall  sound  absorption  in  rooms*  It  reviews  their  a— 
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cottstical  properties  and  their  methods  of  installation;  it  e»- 
phasizes  the  requirements  that  must  he  met  in  the  choice  of 
acoustical  finishes  and  gives  some  information  on  the  measure^ 
ment  of  sound  absorption.  At  the  end  of  the  Section  tables  list 
the  sound  absorption  coefficients  of  various  building  naterialSf 
acoustical  finishes  and  room  contents  which  contribute  to  the 
sound  absorption  in  rooms. 

E.l  Porous  materials 

The  basic  acoustical  characteristic  of  all  porous  materials 
(such  as  fibreboards,  mineral  voolSf  insulation  blanketSf  etc.) 
is  a cellular  network  of  minute  interlocking  pores  which  will 
convert  the  incident  sound  energy  into  heat  energy  by  the  fric- 
tional amd  viscous  resistance  within  these  pores  and  by  vib- 
ration of  their  sma^.1  fibres  (E-3)*  The  fraction  of  the  inci- 
dent sound,  thus  converted  into  heat,  will  be  absorbed,  while 
the  rwnainder,  reduced  in  energy,  will  be  reflected  from  the 
surface  of  the  material  (£-188).  Cellular  materials  with  closed 
and  non-interlocking  cells,  such  as  foamed  resins,  cellular 
rubbers,  foamglas%  etc,^  are  ineffective  as  porous  absorbents 
(B-9,  B-11,  B-26,  B-31,  B-32,  B-62,  B-158). 

Figure  £.1  illustrates  typical  characteristics  of  porous 
absorbents:  (a)  their  sound  absorption  is  more  efficient  at 
the  high  than  at  the  low  frequencies,  and  (b)  their  acoustical 
efficiency  improves  in  the  low  frequency  region  with  increased 
thickness  and  if  spaced  away  from  their  solid  backing. 

Commercial  porous  materials  can  be  divided  into  the  following 
3 categories:  (a)  prefabricated  acoustical  units,  (b)  acoustical 
plasters  and  sprayed-on  materials,  and  (c)  acoustical  blankets. 

£.1.1  Prefabricated  acoustical  units 

For  the  convenience  of  those  interested,  these  types  of  acous- 
tical materials,  produced  in  an  immense  quantity  and  wide  va- 
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Sound  absorption  of  aineral  wool  slabs, 
1»  and  2«  thick,  on  rigid  baeking,and 
on  1"  bat  tons.  (Reprinted  from  Sound 
Absorbing  Materials  by  E#  J#  Ewans  and 
E#H.  Bazley,  Her  Majesty *8  Stationery 
Office,  Iiondon,  1961). 


riety  by  the  acoustical  materistls  industry,  are  describedy 
grouped,  and  classified  in  the  annual  Bulletin  of  the  Acous- 
tical Materials  Association,  "Performance  Data  - Architect- 
ural Acoustical  Materials"  (E-12)« 

Various  types  of  perforated,  smooth,  fissured  or  textured 
cellulose  and  mineral  fibre  tiles,  lay-in  panels,  perforated 
metal  pans  with  absorbent  pads,  etc*,  constitute  typical,  ge- 
neral purpose  units  in  this  group*  The  various  catsilogues  dis- 
tributed by  representatives  or  stgents  of  the  acoustical  mater- 
ials industry,  usually  contain  a detailed  description  and  in- 
formation on  size,  thickness,  finish,  methods  of  installation, 
acoustical  efficiency,  maintenance,  flame  resistance  and  other 
important  properties  of  these  prefabricated  acoustical  units* 

It  is  imperative  that  acoustical  properties  of  these  units,  as 
included  in  the  catalogues  and  pamphlets,  should  be  supplied 
by  accredited  acoustical  laboratories  so  that  pertinent  values 
of  acoustical  efficiencies  may  be  compared  on  an  equal  basis 
(E— 10)  * 

The  use  of  prefabricated  acoustical  units  offer  the  folloving 
advantages:  they  possess  a reliable,  factory-guaranteed  absorp- 
tion value;  their  installation  and  maintenance  is  relatively  easy 
and  economic;  many  of  them  can  be  redecorated  without  causing 
any  serious  deterioration  in  their  absorption*  Their  applicat- 
ion, on  the  other  hand,  undoubtedly  presents  a few  design  prob- 
lems, such  as:  it  is  difficult  to  conceal  joints  between  adja^ 
cent  units  (B-3);  their  relatively  soft  structure  is  subjected 
to  mechanical  injuries  if  installed  at  lover  levels  of  the  en- 
closures; difficulty  is  usually  encountered  when  these  mass- 
produced  units  have  to  be  aesthetically  integrated  into  an  in- 
dividual architectural  design  (E-3,  E-4,  B-7,  B-11,  E-105)* 

£*1*2  Acoustical  plasters  and  sprayed-on  materials 

These  acoustical  finishes  sire  used  mostly  for  noise  reduct- 
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ion  purposes  and  sometimes  in  Auditoria  where  the  application 
of  any  other  acoustical  treatment  would  be  impractical  due  to 
the  curved  or  irregular  shape  of  the  surface* 

Their  acoustical  efficiency  will  depend  largely  on  several 
local  job  conditions,  such  as  thickness  and  composition  of  the 
plaster  mixture,  the  amount  of  binder,  the  state  of  the  under- 
coat at  the  time  of  application,  the  manner  in  which  the  finish 
is  applied,  etc*  In  order  to  obtain  the  desired  acoustical  re- 
sult, it  is  essential  that  the  job  be  executed  by  competent  and 
responsible  workmen  and  that  the  manufacturers'  specifications 
be  followed  strictly  (B-4,  E-7,  E-63,  B-113)* 

The  maintenance  of  acoustical  plasters  and  sprayed-on  fi- 
nishes (sprayed  mineral  fibers)  certainly  offers  some  difficul- 
ties* Redecoration  may  create  serious  deterioration  of  their  a- 
coustical  properties  unless  manufacturers'  pertinent  instruct*^ 
ions  are  fully  respected  (R-3}« 

E*l*3  Acoustical  blankets 

Acoustical  blankets  are  manufactured  from  rockwool,  glass 
fibres,  wood  fibres,  hairfelt,  etc*  Usually  installed  between 
a wood  or  metal  framing  system,  these  blankets  are  used  for  a- 
coustical  purposes  in  varying  thicknesses  between  about  1”  and 
6"*  Their  absorption  increases  with  thickness,  particularly  at 
the  low  frequencies;  if  space  is  available  a considerable  degree 
of  low  frequency  absorption,  a characteristic  usually  missing 
in  other  porous  absorbents,  can  be  achieved  by  use  of  a 3”  to 
4”  thick  acoustical  blanket*  By  choice  of  adequate  thickness, 
density  and  method  of  installation,  acoustical  blankets  will 
supply  a remarkable  variety  of  absorption  characteristics 
(E-3,  E-9). 

Since  acoustical  blankets  do  not  constitute  an  aesthetically 
satisfactory  acoustical  finish,  they  are  normally  covered  with 


82 


a suitable  type  of  perforated  board,  wood  slats,  flyscreening, 
etc*,  placed  over  the  blankets  and  fastened  to  the  framing  sys- 
tem (discussed  in  paragraph  £«3*2}* 

E.2  Nori-perforated  panel  or  membrane  absorbers. 

The  non-perf orated  panels  or  membrane  absorbers  represent 
the  second  group  of  sound  absorbing  materials*  Any  impervious 
material,  installed  on  a solid  backing  but  separated  from  it 
by  an  air  space,  will  be  set  to  vibration  when  struck  by  sound 
waves  (E-3,  E-4,  B-8,  E-16,  E-17,  E-56,  B-69,  E-71,  E-76).  The 
flexural  vibration  of  the  panel  absorber  will  then  absorb  a 
certain  amount  of  the  incident  sound  energy  by  converting  it 
into  heat  energy.  The  theory  of  absorption  provided  by  a vib- 
rating panel  is  rather  complicated  but  it  is  a fair  approximat- 
:.on  to  assume  that  maximum  absorption  will  occur  in  the  region 
of  the  resonance  frequency  of  the  panel. 
This  may  be  calculated  from  the  formula  (E-3»  E-4,  E-8,  £-11): 


where  f^,^^  is  the  resonance  frequency  in  cps, 

m is  the  surface  density  in  Ib/ft^  and 

d is  the  depth  of  air  space  behind  the  panel 
in  inches. 

The  resonance  frequency  is  normally  at  the  lower  end  of 
the  audio-frequency  range,  therefore,  panel  absorbers  are  effi- 
cient as  low  frequency  absorbers.  V/hen  selected  properly,  panel 
absorbers  will  balance  the  somewhat  excessive  medium  and  high 
frequency  absorption  supplied  by  porous  absorbers  and  room  con- 
tents. Thus,  panel  absorbers  will  contribute  efficiently  to  the 
production  of  a uniform  reverberation  characteristic  over  the 
entire  audio-frequency  range  (£-110,  E-116,  E-179)* 


o 
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Figure  E.2  illustrates  the  absorption-frequency  character- 
istics of  a 3/16”  thick  plywood  panel,  spaced  ?”  from  the  wall 
with  and  without  porous  absorbent  in  the  air  space  (£— ll)«  Max- 
imum absorption  occurs  at  about  150  cps  and  the  application  of 
porous  absorber  in  the  air  space  increases  the  absorption  at 
the  resonance  frequency,  broadening  the  otherwise  narrow  region 
of  increased  absorption* 

Amongst  various  Auditorium  finishes  and  constructions  the 
following  panel  absorbers  will  contribute  significantly  to  low 
frequency  absorptions  wood  and  hardboard  panelings,  gypsum 
boards,  suspended  plaster  ceilings,  furred  out  plasters,  rigid 
plastic  boards,  windows,  glazings,  doors,  wood  floors  and  plat- 
forms, etc*  Because  of  increased  resistance  against  wear  and 
abrasion,  many  of  these  non— perforated  panel  absorbers  are  often 
installed  on  the  lower  parts  of  walls,  thereby  providing  a 
suitable  finish  for  the  dado  (E— 2,  E— 10,  E— 17,  E*110,  E— 128, 
E-147,  E-179). 

Porous  materials,  spaced  away  from  their  solid  backing  will 
also  act  as  vibrating  panel  absorbers,  favorably  contributing 
to  absorption  at  low  frequencies* 

E*3  Cavity  (or  Helmholtz)  resonators 

The  cavity  or  Helmholtz  resonators  constitute  the  third  and 
last  group  of  sound  absorbents*  They  consist  of  an  enclosed 
body  of  air  confined  within  rigid  walls  and  connected  by  a 
narrow  opening  (called  the  neck)  with  the  surrounding  space 
in  which  the  sound  waves  travel  (E-3,  E-4,  E-99,  E-175). 

A cavity  resonator  of  this  type  will  absorb  maximum  sound 
energy  in  the  region  of  its  resonance  frequency* 

An  empty  jar  or  bottle,  as  described  in  paragraph  D*6,  also 
acts  as  a cavity  resonator;  however,  its  maximum  absorption  is 
confined  to  a very  narrow  frequency  band,  i.e*,it  is  extremely 
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selectiv’6  In  its  absorptioHf  as  illustrated  in  Figure  E#5 

Cavity  resonators  can  be  applied  (a)  as  individual  unitSy 
(b)  as  perforated  panel  resonators,  or  (c)  as  slit  resonator 
panels.  These  will  be  discussed  in  the  following  paragraphs. 

E.3.1  Individual  cavity  resonators 

Individual  cavity  resonators  were  used  a very  long  time  ago 
in  Scandinavian  Churches.  These  resonators  were  made  of  empty 
clay  vessels,  in  different  sizes,  so  that  their  effective  ab- 
sorption (at  resonance  frequencies)  was  spread  between  100  and 

400  cps  (B-5,  E-4)* 

In  contemporary  room  acoustical  practice  their  application 
is  restricted  to  particular  cases  when  individual  low  frequency 
peaks  within  an  exceptionally  long  R.T.  of  a room  have  to  be 
reduced  drastically,  without  affecting  the  R.T.  at  medium  and 
high  frequencies  (E-8). 

E.5.2  Perforated  panel  resonators 

Perforated  panels,  spaced  away  from  a solid  backing,  pro- 
vide a widely  used  practical  application  of  the  cavity  resonator 
principle.  They  contain  a large  number  of  necks,  constituting 
the  perforation  of  the  panel,  thus  functioning  as  an  array  of 
cavity  resonators.  The  perforations  are  usually  circular,  sel- 
dom slotted.  The  air  space  behind  the  perforation  forms  the 
undivided  body  of  the  resonator,  separated  into  bays  by  hori- 
zontal and  vertical  elements  of  the  framing  system  (E-4,  B-10, 
E-50,  B-77,  E-82). 

Perforated  panel  resonators  do  not  provide  such  a selective 
absorption  (i.e.,  restricted  to  an  extremely  narrow  frequency 
band)  as  do  single  cavity  resonators,  particularly  if  an  ab- 
sorbent blanket  is  installed  in  the  air  space  behind  the  visual- 
ly exposed  perforated  board.  If  properly  selected,  with  ade- 
quate open  area  (sometimes  called  sound  transparency),  the  ab- 


Figore  S*3*  Absorption  characteristic  of  a cavity  or 
Helmholtz  resonator.  (Reprinted  from 
Acoustics,  Noise  and  Buildings  by  ?•  H* 
Parkin  and  H.  R*  Humphreys,  Frederidc  A* 
Praeger,  New  York,  1958) • 
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sorbent  blanket  reduces  the  peak  absorption  but  increases  the 
overall  efficiency  by  broadening  the  frequency  region  in  which 
considerable  absorption  can  be  expected  (E— 3^  B-4>  E-8^  E-104f 
E-125). 

The  absorption  frequency  curves  of  perforated  panel  reson- 
ators mostly  show  a maximum  (peak)  value  in  the  medium  region 
of  the  frequency  scale  with  an  apparent  drop  above  lOOO  cps. 
Therefore^  if  the  same  perforated  panel  treatment  were  to  be 
used  extensively  in  an  Auditorium  the  R*T,  would  be  unfavor- 
ably short  at  this  peak  value.  A reasonably  even  and  uniform 
reverberation  characteristic  can  be  provided  in  a room  if  those 
peak  values  in  the  absorption  diagram  of  the  perforated  panel 
treatments  are  shifted  to  several  different  regions  of  the 
frequency  range.  This  can  be  achieved  by  varying  (a)  the  thick- 
ness of  the  perforated  panel,  (b)  the  size  and  spacing  of  the 
holes,  (c)  the  depth  of  air  space  behind  the  perforated  panel, 
(d)  the  type,  thickness, and  density  of  the  applied  acoustical 
blankets  behind  the  perforated  panels,  and  (e)  the  spacings 
between  the  elements  of  the  furring  system  (E-3#  B-4»  B-ll)# 

Various  standard  commercial  panels  or  boards  are  available 
on  the  market  in  perforated  form,  suitable  for  application  as 
perforated  panel  absorbers;  such  as,  cement  asbestos  sheets 
(Transits  panels),  hardboard  (Masonite),  plain  and  corrugated 
metal  (steel,  aluminum,  etc.)  sheets,  rigid  plastic  sheets, 
wood  and  plywood  panels,  reinforced  fiberglas  panels,  plastic 
coated  steel  sheets,  etc. 

Surface  treatment  of  the  exposed  perforated  panels  must  be 
carried  out  in  a manner  such  that  the  holes  are  not  clogged  by 
paint. 

Figure  E.4  illustrates  examples  of  perforated  pauiel  reson- 
ators applied  as  acoustical  treatments  in  various  Auditoria. 
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figara  S*4*  Parforatad  panal  rasonatara  appllad  as  aeouatlcal 

traataenta  la  w*laua  Auditaria,  using  s (A)  par* 
faratad  pinood  paaala  and  parfaratad  llaaaiilta 
^aarda,  (B)  parfaratad  ataal  ahaatSf  (C)  parfar* 
atad  and  earmgatad  aXunlBun  panals*  (L*L*  DaalXa, 
aaouatloal  conaultant  to  thaaa  3aBa)« 
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S«3«3  Slit  resonator  absorbers 

Slit  resonator  absorbers  have  a sories  of  exposed  narrow, 
continuous  openings  (gaps)  created  by  unidirectional  slats  of 
relatively  snail  cross  section,  installed  along  the  surface 
of  this  acoustical  treatment*  In  many  respects  they  are  construe* 
ted  similarly  to  the  perforated  panel  resonators,  in  that  they 
also  have  an  air  space  behind  the  surface,  mostly  filled  (part- 
ially or  totally)  with  a suitable  acoustical  blanket*  The  area 
of  opening  (slits)  should  be  at  least  30  ^ of  the  total  area 
to  secure  adequate  sound  transparency  (£-4#  B-72,  6*171)  • 

Their  popularity  in  architectural  design  is  due  to  the  fact 
that  they  offer  a wide  choice  for  individual  design,  even  thou^ 
they  are  more  esq^ensive  than  the  oonaercial  and  soaetines  mono- 
tonous standard  acoustical  materials* 

The  characteristic  feature  of  this  acoustical  treatment  is 
a system  of  slats,  which  can  be  wood,  steel,  aluminum,  plastic 
or  other  material*  Figure  6*5  illustrates  examples  of  ’slit  re* 
senators  as  applied  in  Auditoria* 

6*4  Space  absorbers 

When  the  regular  boundary  enclosures  of  an  Auditorium  do  not 
provide  suitable  or  adequate  area  for  conventional  acoustical 
treatments,  sound  absorbing  objects,  called  space  absorbers  or 
functional  absorbers,  can  be  suspended  as  individual  units 
from  the  ceiling  (E*3f  6*7f  6*8,  6*10,  6*43#  6*38,  6-39)* 

They  can  be  easily  installed  or  removed,  without  interfe* 
rence  with  existing  fixtures  or  equipments*  Since  sound  waves 
will  probably  hit  all  sides  of  these  absorbers,  their  absorp* 
tion  is  quite  powerful  compared  to  standard,  commercial  acous* 
tical  materials*  These  advantageous  features  make  space  ab* 

sorbers  a particularly  suitable  acoustical  treatment  for  noisy 
industrial  atreas* 
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Pigure  E.5*  Slit  resonator  absorbers  applied  as  acoustical 

treataents,  using  : (A)  wood  and  aluninua  slatSy 
(B)  aluainum  slats*  (L.L*  Doelle,  acoustical 


consultant  to  these  jobs)# 
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Space  absorbers  are  made  of  perforated  sheets  ( steel f alu- 
minuoif  hardboardf  etc«)f  In  the  shapes  of  panelSf  prisnSf  cubeSf 
spheresy  cylindersy  single  or  double  conical  shellsy  and  are 
genenally  filled  or  lined  with  sound  absorbing  materials  such 
as  rockwool y glassvooly  etc. 

The  sound  absorption  of  space  absorbers  is  specified  as  the 
number  of  absorption  units  (sabins  ) supplied  per  individual 
unit.  Their  acoustical  efficiency  will  depend  on  their  spacing 
and  will  approach  a constant  value  at  vide  spacings  (E-7}« 

Variable  absorbers 

Since  various  usages  of  the  same  Auditoriumy  as  will  be  seen 
later y would  require  various  reverberation  timesy  it  has  long 
been  an  aim  of  acousticians  to  design  special  sound  absorbing 
constructions  that  could  change  the  R,T,y  i.e.ythe  acoustical 
conditions  within  a room. 

Several  attempts  have  been  made  in  the  past  to  implement 
this  objectivey  particularly  in  Radio  Studiosy  where  a notice- 
able change  in  the  R»T,  was  frequently  necessary.  For  this  pur- 
pose various  slidingy  hingedy  movable  and  rotatable  panels  have 
been  constructed  that  can  expose  either  absorptive  or  reflec- 
tive surfaces;  draperies  have  been  installed  that  can  spread 
out  over  walls  or  can  be  pulled  back  into  suitable  pocketSy 
thus  arbitrarily  increasing  or  reducing  the  effective  absorp- 
tive treatment  in  a room  (E-3)* 

The  construction  of  such  variable  absorbers  is  justified 
only  if  it  will  be  capable  of  producing  a reasonable  (at  least 
20  change  of  the  total  absorption  over  a considerable  region 
of  the  audio-frequency  range  (£-63)* 

Experience  has  given  evidence  that  variable  absorption-pro- 
ducing devices  are  practicable  only  for  rooms  which  are  perma- 
nently maintained  and  serviced  by  competent  personnel y as  might 


l>e  the  case  for  Radio  or  Hacording  Studios*  It  appears,  however, 
that  even  in  Studios  the  control  of  R*T»  through  conventional 
variable  absorbers  will  be  soon  rendered  obsolete  due  to  the 
widely  expanding  application  of  electronically  operated  rever- 
beration control* 

E*6  Air  absorption 

It  has  been  mentioned  before,  that  besides  the  various  acous- 
tical finishes  and  room  contents,  the  absorption  of  the  air 
(due  to  radiation,  scattering,  molecular  absorption  and  other 
phenomena)  will  also  contribute  to  the  overall  room  absorption 
(E-3»  B-llf  E-122,  £-132,  £-183) • The  air  absorption  is 

affected  by  the  temperature  and  humidity  of  the  air,  and  repre- 
sents a significant  value  only  above  lOCX)  cps  (see  Table  D*1  in 
preceding  Section) * 

£»7  Mounting  and  distribution  of  acoustic  finishes 

The  sound  absorption  characteristic  of  acoustical  materials 
should  not  be  considered  as  their  intrinsic  property  but  rather 
as  a feature  largely  dependent  on  their  physical  properties, 
installation  details,  and  local  conditions  (B-3f  £-7,  £-21,  £-62, 
£-84,  £-96,  £-97,  £-114). 

Since  the  way  acoustical  materials  are  Installed  will 
have  a marked  effect  on  their  absorptive  properties,  com- 
parisons between  the  absorption  coefficients  of 'different  ma- 
terials should  be  based  on  data  obtained  from  tests  conducted 
in  an  accredited  laboratory  and  under  identical  mounting  con- 
ditions.. Typical  mountings  used  in  conducting  standard  sound 
absorption  tests  by  the  Acoustical  Materials  Association  (333 
East  43th  Street,  New  York  17,  N*Y*)  are  illustrated  in  figure 
£•6  (£-12)* 


93 


TYPES  OF  MOUNTING 

(Used  b Condactiof  Sound  Abaorptiou  Tcott) 


f*  Cc-oMMcd  to  pUtter  board  with  H" 
air  ipoee.  Cooaidntd  ofuivalent  to 
ooMO^  to  platter  or  ooncfete  oeiKof . 


n 

V r.  1 

2.  Nafled  to  noMioal  1"  a 3"  {H"  x 
wood  furring  12'' oc. 


to  nominal  1''  % y*  (fd"  * ncCiial) 
woodfuninft 


^ ilf 


tj  #*•.*  *v.f  .'♦■  *♦  ■•* 


4*  Laid  directly  on  laboratory  floor. 


5.  Wood  funing  1"  a 3"  (H"  > 2H" 
•cinal)  24'' OaC;  V' mineral  wool  betwoM 
Airrinf  unleaa  otherwiae  indicated*  Per* 
forated  facing  iMeiied  to  forrinf* 


d*  Attached  to  24  ga.  ahaet  irm» 
ported  by  r a 1"  X H"  M|le  im 


etal  engpocti^ 


S*  Woad  tmnmf  V a T (IH"  » W% 
netaal)  24"  me.  mineral  w^  fetwaan 
raRM|^  iienonica 
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standard  sound  absorption  tests  by 
tko  Aconstioal  Materials  Assoclatienp 
Hew  Torko  (Reprinted  fron  Perforaanee 
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There  is  no  specific  type  of  mounting  that  can  te  recom- 
mended as  optimim  for  every  installation.  Various  aspects  have 
to  he  considered  simultaneously 9 such  as: 

- physicsd  properties  of  the  acoustical  material; 

- strength,  surface  texture  and  location  of  the  room  en- 
closure on  which  the  acoustical  material  will  he  installed; 

- the  space  available  for  the  treatment; 

- the  time  required  for  the  labor; 

- probability  of  removal  in  the  future; 

- costs,  etc. 

Methods  of  mounting  for  an  installation  on  a new  construction 
might  be  basicsdly  different  from  those  feasible  in  an  existing 
building  (E-3)» 

As  mentioned  before,  the  absorption  coefficient  of  most  a- 
coustlcal  materials  cam  be  increased,  particularly  at  the  low 
frequencies,  when  spaced  away  from  their  solid  backing.  This  is 
illustrated  for  acoustic  plaster  and  acoustic  tile  in  Figure 
£.7,  but  the  principle  holds  true  for  panel  absorbers,  perfo- 
rated panel  resonators  and  slit  resonator  absorbers  alike. 

The  installation  of  acoustical  treatments  should  always  be 
performed  by  a competent  contractor  who  is  able  to  check  whether 
or  not  conditions  are  suitable  for  a workmanlike  execution  of 
the  acoustical  trade.  And  since  the  acoustical  work  on  a job 
is  always  affected  by  the  work  of  rnauny  other  trades,  the  ar- 
chitect should  specify  clearly  the  responsibilities  of  the 
various  contractors  involved* 

The  distribution  of  acoustical  materials  requires  care  in 
order  to  achieve  maximum  absorption  and  the  most  favorable 
effect  on  hearing  conditions.  The  acoustical  finishes  should 
be  distributed  over  the  room  enclosures  as  evenly  as  possible, 
partly  to  reduce  the  detrimental  effect  of  certain  normal  modes 
of  vibration  and  partly  to  provide  good  diffusion  (£-3#  £-148). 
The  uniform  distribution  of  acoustical  finishes  is,  in  most  in- 
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-floor  slab  or  nKisonr7 
-acoustic  tile 


A)  ACOUSTIC  PLASTER  AND  ACOUSTIC  TILE  NORMALLY 
APPLIED  (plan  or  section) 
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B)  ACOUSTIC  PLASTER  AND  ACOUSTIC  TILE  SPACED  AWAY 
FROM  THEIR  SOLID  BACKING  tplcm  or  section) 
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suspension  system 

acoustic  tile 


C)  SUSPENDED  ACOUSTIC  PLASTER  AND  ACOUSTIC  TILE 
(section  ) 


Figure  E*7#  The  low  frequency  absorption  of  standard 
acoustic  plaster  and  acoustic  tile  (A) 
can  be  increased  when  spaced  away  from 
their  solid  backing  (B),  or  used  in 
connection  with  a suspension  system  (C). 
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stances,  extreaely  difficult  for  several  reasoiist  (a)  the  audi- 
ence always  constitutes  an  area  of  concentrated  absorption; 

(b)  in  the  interest  of  adequate  loudness  and  uniform  8o^lnd 
distribution  the  room  enclosures  close  to  the  sound  source  aro 
usually  treated  reflectiv^y,  therefore^  the  acooniaodation  of  any 
acoustical  treatment  in  this  area  is  practically  impossible;  and 

(c)  the  rear  wall  of  an  Auditorium  (opposite  the  sound  source) 
mostly  forms  an  unbroken  area  of  absorptive  treatment  in  order 
to  prevent  the  rise  of  echo  or  too  long  delayed  reflections 
from  this  wall  (B-3t  E-4t  B-25»  B-40f  £-44#  £-108#  £-186)  • 

£•8  The  choice  of  sound  absorbing  materials 

Since  architectural  acoustical  materials  are  supposed  to 
combine  the  functions  of  sound  absorption  and  interior  finish# 
it  is  obvious  that  in  the  selection  of  acoustical  finishes  a 
number  of  considerations#  other  than  acoustical#  must  be  taken 
into  account  simultaneously  (£-3#  £-7#  £-37#  £-66#  £-67#  £-89# 
£-106#  £-113#  £-167#  £-168#  £-170#  £-188)* 

If  the  main  purpose  is  to  achieve  a uniform  (flat)  rever- 
beration diagram  over  the  entire  audio-frequency  range#  those 
acoustical  finishes  have  to  be  chosen  which  together  will  pro- 
duce a uniform  (not  necessarily  high)  absorption  characteristic 
throughout  the  audio-frequency  range*  If  the  application  of 
high  frequency  absorbents  (perforated  panel  resonators  or  slit 
resonator*  absorbers)  is  favored#  their  somewhat  excessive  hi^ 
frequency  absorption  can  be  counterbalanced  by  the  installation 
of  a reasonable  amount  of  low  frequency  panel  absorbers*  If  a- 
eoustically  detrimental  back  reflections  (echoes#  too  long  de- 
layed corner  reflections)  have  to  be  eliminated  or  avoided,  then 
the  dangerous  reflecting  surfaces  must  be  treated  with  acoustical 
materials  of  hi^y  absorptive  character* 

The  following  aspects  should  be  examined  in  the  selection 


o 
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ot  soimd  a^sorblsig  fiixlshes  or  coneiraolilons  (B-lOf  S-12|  E-114t 

(a)  80uad  absorption  cooffieieiits  at  representatlvt  frequsn- 
oiois  of  the  audio-freqaencjr  r:uige  (£-12t  £-131); 

(b)  apcpoarasLce  (sizeSf  edgeSf  joints^  coXorSf  textures); 

(e)  resistance  to  flasie  spread  and  fire  penetration  (E-92); 

(d)  Installation  cost; 

(e)  ease  of  installation  (£-93); 

(f)  peneanence  (resistance  to  iapaotSf  mechanical  injuries 
and  abrasion); 

(g)  light  reflectance  (£-28); 

(k)  aaintenanoef  cleaning^  effect  of  redecoration  upon 

sound  absorptioUf  maintenance  cost  (E-IS,  £-88|  S-120); 

(i)  job  conditions  (temperaturOf  humidity  during  instal- 
lationf  readiness  of  backings); 

( j)  integration  of  room  elements  (doorSf  vindovSf  li^jiting 
fiztureSf  grilles,  radiators,  etc«)  into  the  acoustical 
finish; 

(k)  thickness; 

(l)  weight; 

(m)  moisture  and  condensation  resistance,  once  the  room  is 
in  use  (£-14); 

(n)  aeeess  to  suspended  ceilings  or  furred  spaces; 

(o)  thexmal  insulation  yalue  (£-47); 

(p)  attraction  for  vermin,  dry  rot,  fungus; 

(r)  removability  (sometimes  a temporatry  requirement  to  make 
possible  adjustments  of  aooustioal  blankets); 

(s)  simultaneous  requirement  for  adequate  sound  insulation 
(B-154). 

£•9  Measurement  of  sound  absorption 

Various  methods  for  the  measurement  of  the  sound  absorption 


coefficients  of  acoustical  materials  are  videly  discussed  in 
the  acoustical  literature*  Two  of  these  methods  are  of  parti- 
cular interest:  (1)  the  tube  method,  and  (2)  the  reverberation 
chamber  method  (E-4,  B-11,  £-55#  B-90,  E-107)* 

£•9*1  Tube  method 

This  is  used  to  measure  the  sound  absorption  coefficients 
of  small  sized  samples  of  acoustical  materials  for  sound  waves 
traveling  perpendicular  to  the  surface  of  the  simple  (normal 
incidence).  The  measui'ement  will  give  an  indication  of  the 
sound  absorption  coefficient  in  the  frequency  range  of  about 
200  to  3000  cps  (B-83). 

This  method  is  unsuitable  for  the  general  measurement  of 
sound  absorption  coefficients  because  of  its  limitations; 
it  disregards  the  fact  that  sound  waves  in  a room  will  strike 
the  sound  absorbing  materials  at  various  angles,  and  further- 
more the  size  and  method  of  mounting  of  the  test  sample  has  no 
similarity  whatsoever  to  actual  job  conditions*  For  these 
reasons,  results  obtained  by  the  tube  method  should  be  used  for 
theoretical  work,  in  the  development  of  new  or  in  the  compari- 
son of  existing  acoustical  materials  and  also  for  quality  con- 
trol {E-4,  £-11,  B-42,  E-85,  £-192,  GB-52). 

£•9*2  Reverberation  chamber  method 

This  method  utilizes  a bare  chamber  with  a long  reverberat- 
ion time*  A large-sized  sample  or  several  samples  of  a sound  ab- 
sorbing material  are  Installed  in  the  chamber,  thereby  reducing 
its  R*T*  The  sound  absorption  coefficient  of  the  absorbing  mate- 
rial is  then  calculated  from  the  decrease  in  the  R.T*  of  the 
chamber,  created  by  the  sample  of  the  sound  absorbing  material* 
It  is  essential  that  the  sound  field  should  be  diffuse  in  the 
chpiber  and  that  sound  waves  should  hit  the  test  sample  at 
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all  possible  angles  (random  incidence). 

The  size  of  the  test  specimen  may  vary  from  60  to  100  ft^, 
depending  on  the  individual  dimensions  of  the  reverberation 
chamber  (E-149»  E-156).  The  standard  sample  area,  usually  spe- 
cified by  the  testing  laboratories,  can  be  varied  within  the 
same  chamber  to  accommodate  standard  size  ssmples  of  the  acous- 
tical treatment  under  test.  The  samples  may  be  tested  by  pla- 
cing them  on  the  floor,  on  the  walls  or  ceiling  of  the  chamber. 
It  is  essential  that  the  sample  should  be  installed  in  a manner 
simulating  existing  or  predictable  field  conditions  (E-4,  E-11, 
B-13,  B-15,  E-143,  E-145,  B-161,  E-163,  GB-52)* 

The  test  sound  may  consist  of  a frequency-modulated  (warble) 
tone  or  a "white  noise"  which  causes  the  sound  waves  to  hit  the 
test  sample  at  a greater  number  of  angles.  Measurements  are 
made  at  representative  frequencies  along  the  audio-frequency 
range* 

The  sound  absorption  coefficient  of  a sound  absorbing  mater- 
ial, measured  in  a reverberation  chamber,  should  not  be  con- 
sidered as  a constant  of  the  material  because  this  will  depend 
on  the  size  of  the  sample,  its  position  and  distribution  in  the 
chamber,  the  way  it  is  mounted  and  also  on  individual  physical 
characteristics  of  the  chamber  itself*  Therefore,  values  of 
sound  absorption  coefficients  measured  in  different  laboratories 
should  be  compared  with  caution. 

For  the  measurement  of  the  soimd  absorption  coefficient  of 
acoustical  materials,  contemporary  testing  facilities  in  Canada 
are  available  at  the  National  Research  Council  in  Ottawa  (Divi- 
sion of  Building  Research)*  In  the  U.S.A.  the  following  are 
considered  as  accredited  testing  laboratories:  the  National 
Bureau  of  Standards  in  Washington;  the  Riverbank  Acoustical 
Laboratory  in  Geneva,  Illinois; and  the  Geiger  and  Hamme  Lab- 
oratory at  the  University  of  Michigan  (E-176,  E-191,  E-193)* 
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£•10  Classification  of  natorials  and  roos  contents  contributing 
to  sound  absorption 

Subsequent  tables  of  absorption  ooefficientst  oorering  the 
most  conaon  building  materials » acoustical  aaterials  and  room 
contents^  are  classified  into  3 groups: 

(1)  oonaon  building  naterials, 

(2)  acoustically  efficient  absorbing  aaterialSf  and 

(3)  roon  contents  (E-^,  £-1X89  fi-1209  £-135t  E-163)* 


The  coefficients  are  giyen  for  six  representative  frequent 
cieSf  i»e»,for  123t  230,  300,  lOOO,  2000  and  4000  cps,  these 
being  the  most  important  in  general  acoustical  design  prac- 
tice* Values  of  absorption  coefficients  below  and  above  this 
frequency  region  are  of  use  to  acoustical  experts  only* 

Sound  absorption  coefficients  of  standard  acoustical  mater- 
ials, generally  published  in  manufacturers*  pamphlets,  are,  as 
a rule,  not  included  in  the  Tables*  The  inclusion  of  a few  com- 
mercial acoustical  materials  does  not  necessarily  mean  that  they 
are  endorsed  in  any  way,  they  merely  constitute  typical  examples 
of  their  kind* 

In  the  data  references  are  made  to  their  sources  (testing 


authorities)  as  follows: 

1*  Acoustical  Materials  Association,  Mew  York  (£-12)* 
2*  V*0*  Knudsen  and  C*N*  Harris  (6B-21)* 

3*  L*L*  Beranek  (6B-34)* 

4.  F.  Ingerslev  (6B-29). 

3*  P*H*  Parkin  and  H.R*  Humphreys  (GB-43)* 

6*  H*  Adam  (GB— 44)* 

National  Research  Council,  Ottawa. 

8*  Geiger  and  Hamme* 

9*  Riverbank  Acoustical  Laboratory* 

10*  Johns-Nanville  Research  Laboratory* 

11*  Manufacturers'  own  pamphlets* 


V- 
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Table  £•!•  Sound  absorption  coefficients  of  com- 
mon building  materials. 


r ' " ' 

Description 

125 

freaa< 

250 

ency 

500 

cps 

1000 

2000 

4000 

Source 

Brick,  unglazed,  exposed,  un- 
painted 

.03 

.03 

.03 

.04 

.05 

.07 

1 

same,  painted 

.01 

.01 

.02 

.02 

.02 

.03 

1 

Concrete,  poured,  exposed, 
unpainted 

.01 

.01 

.02 

.02 

.02 

.03 

3 

same,  painted 

•01 

.01 

.01 

.02 

.02 

.02 

3 

Concrete  block,  exposed,  un- 
painted 

.36 

.44 

.31 

.29 

.39 

.25 

1 

same,  painted 

•10 

.05 

.06 

.07 

.09 

.08 

1 

Floors 

concrete  or  terrazzo 

.01 

.01 

.01 

.02 

.02 

.02 

1 

linoleum,  asphalt,  rubber 
or  cork  tile  on  concrete 

.02 

.05 

.03 

.03 

.03 

.02 

1 

parquet  flooring  with  sub- 
floors on  sleepers 

.05 

.03 

.06 

.09 

.10 

.20 

6 

parquet  flooring  in  as- 
phalt on  concrete 

.04 

.04 

.07 

.06 

•06 

.07 

1 

varnished  wood  joist  floor 

.15 

.11 

.10 

.07 

.06 

.07 

4 

wood  platform  with  large 
space  beneath 

.40 

.30 

.20 

.17 

.15 

.10 

3 

Glass,  large  panes  of  heavy 
plate  glass 

.18 

.06 

.04 

.03 

.02 

.02 

1 

ordinary  window 

.35 

.25 

.18 

.12 

.07 

.04 

1 

Gypsum  board,  1/2”,  nailed  to 
2”x4”-s,  l6”o.c. 

.29 

.10 

.05 

.04 

.07 

.09 

1 

Marble  or  glazed  tile 
Plasters 

.01 

.01 

.01 

.01 

.02 

.02 

1 

gypsum  or  lime,  smooth 
finish  on  tile  or  brick 

.01 

.01 

.02 

.03 

.04 

.05 

1 

same,  on  metal  lath 

.08 

•06 

.05 

.04 

.04 

.04 

7 

same,  on  lath,  over  air 
space  or  on  joists  or  studs 

.30 

.15 

.10 

.05 

.04 

.05 

5 
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Table  £»2*  Sound  absorption  coefficients  of 
acoustically  efficient  absorbing  materials 


Description 

frequency  cps 

Source 

X25 

250 

500 

1000 

2000 

4000 

Acoustical  plaster  (**Zono- 
lite")  1/2**,  trowel  applicat- 

ion 

.31 

.32 

.52 

.81 

.88 

.84 

11 

same^  1"  thick 

.25 

.45 

.78 

.92 

.89 

.87 

11 

Acoustile,  surface  ^azed  and 
perforated  structural  clay 
tile,  perforated  surface 
backed  with  1**  glass  fiber 
blanket  of  1 Ib/ft^  density 

.26 

.57 

.63 

.96 

.44 

.56 

9 

ilberboards 

1/2”  normal  soft,  mounted 
against  solid  backing,  un- 
painted 

.05 

.10 

.15 

.25 

.30 

.30 

5 

same,  painted 

.05 

.10 

.10 

.10 

.10 

.15 

5 

1/2”,  normal  soft,  mounted 
over  1"  air  space,  \in- 
painted 

.30 

.30 

.30 

5 

same,  painted 

Fiberglas  insulation  blankets 

.30 

.15 

.10 

5 

ATIOO,  1",  mounting  # 4 

.07 

.23 

.42 

.77 

.73 

.70 

11 

same,  2",  mounting  # 4 

.19 

.51 

.79 

.92 

.82 

.78 

11 

AF530,  1”,  mounting  # 4 

.09 

.25 

.60 

.81 

.75 

.74 

11 

same,  2”,  moiuiting  # 4 

.20 

.56 

.89 

.93 

.84 

.80 

11 

same,  4”,  mounting  § 4 

.39 

.91 

.99 

.98 

.93 

•88 

11 

FI exboard,  3/16”  unperforated 
cement-asbestos  board,  mount- 

1 

i 

ed  over  2”  air  space 

.18 

.11 

.09 

.07 

I' 

• 

1 .03 

10 

Geocoustic,  13  l/2”x  13  1/2”, 
2”  thick  cellular  glass  tile, 
installed  32”  o*c*,  per  unit 

.13 

.74 

2.35 

2.53 

2.03 

1.73 

8 

Hardboard  panel,  1/8”,  1 Ib/ft^ 

with  bituminous  roofing  felt 
stuck  to  back,  mounted  over 

2”  air  space 

.90 

.45 

.25 

.15 

.10 

.10 

5 

o 
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Table  E«2«  Sound  absorption  coefficients  of 
acoustically  efficient  absorbing  materials 
- cont*d. 


Description 

frequency 

cps 

1 

Source 

125 

250 

500 

1000 

2000 

4000 

1 

Masonite 

i:”,  mounted  over  1”  air 
space 

.12 

.28 

.19 

.18 

.19 

.15 

7 

Mineral  or  glass  wool  blan- 
ket,  X",  5-12  lb/ft3  densi- 
ty,  mounted  against  solid 
backing,  covered  with  open- 
weave  fabric 

.15 

.35 

.70 

.85 

.90 

.90 

5 

same,  covered  with 
perforated  hardboard 

.10 

.35 

.85 

.85 

.35 

.15 

5 

same,  covered  with  10^ 
perforated  or  20^ 

slotted  hardboard 

.15 

.30 

.75 

.85 

.75 

.40 

5 

Mineral  or  glass  v:ool  blan- 
ket,  2",  5-12  Vo/tt3  densi- 
ty,  mounted  over  1”  air 
space,  covered  with  open- 
weave  fabric 

.35 

.70 

.90 

.90 

.95 

.90 

5 

same,  covered  with  105^ 
perforated  or  20% 

.40 

slotted  hardboard 

.40 

.80 

.90 

.85 

.75 

5 

Plywood  panels 

glued  to  2i”  thick 
plaster  wall  on  metal 
lath 

.05 

.05 

.02 

3 

mounted  over  5”  air 
space,  with  1”  glass- 
fiber  batts  right  behind 
the  panel 

.60 

.30 

.10 

.09 

.09 

.09 

7 
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Table  £»2»  Sound  absorption  coefficients  of 
acousstically  efficient  absorbing  materials 
- cont'd* 


Description 

X25 

fr 

250 

equen 

500 

loy  c 
lOOO 

:ps 

2000 

4000 

Source 

Rockwool  blanket 9 2"  thick 
batt  («Semi-Thik”)f  mount- 
ed against  solid  backing 

• 34 

.52 

.94 

.83 

.81 

.69 

10 

mounted  over  1"  air  space 

•36 

.62 

.99 

.92 

.92 

.86 

10 

mounted  over  2"  air  space 

• 31 

.70 

.99 

.98 

.92 

.84 

10 

Rockwool  blanket,  2”  thick 
batt  (”Semi-Thik**),  covered 
with  3/16”  thick  perforated 
cement-asbestos  board 
(Iransite),  11^  open  area, 
mounted  against  solid  back- 
ing 

.23 

.53 

.99 

.91 

.62 

.84 

10 

mounted  over  1”  air  space 

.39 

.77 

.99 

.83 

.58 

.50 

10 

mounted  over  2”  air  space 

.39 

.67 

.99 

.92 

.58 

.48 

10 

Rockwool  blanket,  4”  thick 
batt  (”Pull-Thik”),  mounted 
against  solid  backing 

.28 

.59 

.88 

.88 

.88 

.72 

10 

mounted  over  1”  air  space 

.41 

.81 

.99 

.99 

.92 

.83 

10 

mounted  over  2”  air  space 

.52 

.89 

.99 

.98 

.94 

.86 

10 

Rockwool  blanket,  4”  thick 
batt  (”Pull-Thik”),  covered 
with  3/16”  perforated  ce- 
ment-asbestos board  (Trans- 
ite),  IVj^  open  area,  mount- 
ed against  solid  backing 

.50 

.88 

.99 

.75 

• 56 

.45 

10 

mounted  over  1”  air  space 

.44 

.88 

.99 

.88 

.70 

.30 

10 

mounted  over  2”  air  space 

.62 

.89 

.99 

.92 

.70 

.58 

10 

Roofing  felt,  bituminous, 
two  layers,  0.8  Ib/ft^, 
mounted  over  10”  air  space 

i 

.50 

.30 

.20 

.10 

.10 

.10 

5 
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Table  E.2*  Sound  absorption  coefficients  of 
acoustically  efficient  absorbing  nateriaXs 
- cont'd. 


Description 

X25 

fr( 

250 

3Quen 

500 

cy  o; 
1000 

ps 

2000 

( 

4000 

Source 

Spincoustic  blanket 

1**,  Mounted  against 
solid  backing 

.13 

.38 

.79 

.92 

.83 

.76 

1 

2**f  aounted  against 
solid  backing 

.45 

.77 

.99 

.99 

.91 

.78 

1 

Spincoustic  blanket » 2" 
thick,  covered  with  J/ld** 
thick  perforated  cenent«*as* 
bestos  board  (Transite), 

11^  open  area 

.25 

.80 

.99 

.93 

.72 

.58 

10 

Sprayed  **Linipet"  asbestos 

1 coat,  unpalnted, 
on  solid  backing 

•08 

.19 

.70 

.89 

.95 

.85 

11 

same,  X"  thick 

.30 

.42 

.74 

.96 

.95 

.96 

11 

1'*',  1 coat,  unpainted, 
on  metal  lath 

.41 

.88 

.90 

.88 

.91 

.81 

U 

Transite,  3/16"  perforated 
cement-asbestos  board,  11> 
open  area 

mounted  against  solid 
backing 

.01 

.02 

.02 

.05 

.03 

.08 

10 

mounted  over  1**  air  space 

.02 

.05 

•06 

.16 

.19 

.12 

10 

mounted  over  2"  air  space 

.02 

.03 

•12 

.27 

.06 

.09 

10 

mounted  over  4"  air  space 

.02 

.05 

.17 

.17 

•U 

.17 

10 

paper-backed  board, 
mounted  over  4"  air  space 

.34 

.57 

.77 

.79 

.43 

.45 

10 

Wood  paneling,  3/8"  to 
thick,  mounted  over  2"  to 
4"  air  space 

.30 

.25 

.20 

.17 

.15 

.10 

3 
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Table  Sound  absorption  coefficients  of 
room  contents 


Description 

125 

250 

reque 

500 

ncy  € 
1000 

(ps 

2000 

4000 

Source 

Air  {x)f  per  ft^ 

nil 

nil 

nil 

•001 

.002 

•006 

5 

Audience  and  seats 

audience,  seated  in  up- 
holstered seats,  per 
ft^  of  floor  area 

•60 

.74 

•88 

•96 

.93 

.85 

1 

unoccupied  cloth-cover- 
ed upholstered  seats, 
per  of  floor  area 

.49 

•66 

•80 

.88 

.82 

.70 

1 

unoccupied  leather- 
covered  upholstered 
seats,  per  ft^  of  floor 
area 

.44 

.54 

•60 

.62 

.58 

.50 

1 

wooden  pews,  occupied, 

•86 

per  ft^  of  floor  area 

.57 

.61 

•75 

•86 

1 

chairs,  metal  or  wood 

seats,  each,  unoccupied 

.15 

.19 

•22 

.59 

.38 

.30 

1 

Carpets 

heavy,  on  concrete 

.02 

•06 

•14 

.37 

•60 

.65 

1 

same,  on  40  oz  hairfelt 

or  foam  rubber 

•08 

.24 

•57 

.69 

.71 

.73 

1 

same,  with  impermeable 
latex  backing,  on  40  oz 
hairfelt  or  foam  rubber 

•08 

.27 

•59 

.34 

.48 

.63 

1 

Curtains 

light  velour,  10  oz 
per  yd^,  hung  strai£^t, 
in  contact  with  wall 

.05 

.04 

•11 

.17 

.24 

.35 

1 

medium  velour,  14  oz 
per  yd^,  draped  to  half 
area 

.07 

.31 

•49 

.75 

.70 

•60 

1 
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Table  E.5.  Sound  absorption  coefficients  of 
room  contents  * cont^d* 


Description 

125 

f: 

250 

reqvd 

5CJ 

ncy  € 
lOOO 

tpB 

2000 

4000 

Source 

heavy  velour,  18  oz 
per  draped  to  half 

area 

•14 

.3'/ 

.55 

.72 

.70 

.65 

1 

heavy  curtain, 
from  rigid  backing 

.06 

•10 

.38 

.63 

.70 

.73 

4 

FibergXas  curtain,  6*1 
oz  per  yd^,  draped  to 
half  area,  5"  from 
rigid  backing 

•08 

.13 

.21 

.29 

.23 

.29 

8 

same,  8*4  oz  per  yd^ 

•09 

.32 

•68 

.83 

.76 

.76 

8 

Musician,  with  seat  and 
instrument,  per  person 

4.0 

8.5 

11.5 

14.0 

13.0 

12.0 

5 

Openings 

deep  balcony,  ratio  of 
balcony  depth  to  hei^d^t 

2i 

'.30 

.50 

.60 

2 

same,  with  ratio:  . 

•40 

.65 

.75 

2 

stage  opening,  un- 
specified 

.30 

.40 

.50 

2 

ventilating  grilles, 
30^  open  area 

.30 

.50 

.50 

2 

Water  surface,  as  in 
swimming  pool 

.01 

.01 

.01 

.015 

•02 

.025 

1 

■ 
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F«1  General  considerations  in  the  architectural  design  of  rooas 

The  architectural  design  of  the  various  types  of  Auditoria 
- an  extremely  complex  problem  - has  to  comply  i#ith  aesthetlcal, 
functional 9 constructional » economical  and  various  hygienic 
(environmental)  requirements*  Besides  the  architecturally 
pleasant  end  structurally  sound  arrangement  of  an  Auditorium, 
particular  care  has  to  he  taken  in  order  to  provide  comfortable 
accommodation,  good  si^t  and  hearing,  proper  tempsrature,  ven- 
tilation, light,  etc*,  at  reasonable  and  proportionate  cost* 

The  listeners  should  he  ahle  to  reach  their  seats  easily  and 
rapidly,  and  the  room  should  he  capable  of  being  evacuated 
quickly  and  safely  in  case  of  an  emergency  or  at  the  and  of  a 
performance  (F-3f  F-4,  F-5)# 

To  sum  up,  the  audience  in  a contemporary  Auditorium  esqpects 
comfort,  safety,  pleasant  aesthetics,  proper  light,  good  sight 
and  good  sound*  Subsequent  paragraphs  reviev  one  of  these  re- 
quirements, namely  good  hearing* 

F*2  Acousticcd  requirements  in  room  design 

The  following  are  the  requirements  for  good  hearing  condit- 
ions in  an  Auditorium  (F-1,  F-2,  F-4,  P-12,  P-14,  F-27,  F-30, 
F-55,  F-36,  F-51,  F-54,  F-57,  F-60,  F-62): 

(1)  there  should  he  adequate  loudness  in  every  part  of  the 
Auditorium,  particularly  at  those  seats  which  are  fur- 
thest away  from  the  sound  source | 

(2)  there  should  he  a uniform  distribution  of  sound  energy 
in  every  part  of  the  room,  i*e*,  the  sound  should  be 
equally  loud  at  all  seats  whether  they  be  near  or  re- 
mote; 

(3)  the  Auditorium  should  have  optimum  reverberation  char- 
acteristics that  will  al,low  (a)  the  most  favorable 
appreciation  of  the  sound  program,  i*e*,high  intel- 
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ligibility  of  the  apoken  word  or  full  enjoyment  of 
musiCy  as  the  case  may  be,  and  (b)  the  most  efficient 
presentation  of  the  sound  program  by  the  performers; 

(4)  the  Auditorium  should  be  free  from  acoustical  defects; 
such  as, echoes,  long-delayed  reflections,  flutter  echoes, 
sound  concentrations,  distortion,  room  resonaiice,  sound 
shadows  or  other  undesirable  phenomena; 

(5)  noises  and  vibrations,  which  would  interfere  with  the 
performance  or  listening  in  the  Auditorium,  should  be 
excluded  or  reasonably  reduced  from  every  part  of  the 
room* 

F*3  Importance  of  room  shape  and  volume  for  the  proper  supply 

of  sound  energy 

Ihe  shape  and  size  of  an  Auditorium  are  factors  of  outstand- 
ing importance  in  the  achievement  of  adequate  loudness  in  every 
part  of  the  audience  area*  This  problem,  particularly  in  medium 
and  large  Auditoria,  is  brought  about  by  the  energy  losses  of 
the  traveling  sound  waves  and  by  the  sound  absorption  due  to 
acousticsil  finishes  and  room  contents*  These  sound  energy  losses 
must  be  reduced  to  a minliium  and  also  replaced  in  the  following 
ways  (F-1,  P-2,  F-6,  F-16,  P-30,  P-36,  P-54,  P-61,  GB-43,  GB-52, 
GB-53) : 

(a)  The  shape  of  the  Auditorium  plan  should  be  established 
such  that  the  audience  can  be  located  as  close  as 
possible  to  the  sound  source,  thereby  reducing  the  dis- 
tance the  sound  has  to  travel*  This  will  suggest  the 
preference  for  a tapering  (fan  shaped)  plan  as  against 
a rectangular  plan*  In  larger  Auditoria  the  introduction 
of  a gallery  (or  galleries)  brings  more  seats  closer  to 
the  sound  source,  as  illustrated  in  Figure  P*l* 


A)FMf«IMKD  PLAN  WITH  SALLCRV 


•)  NECTANOULAN  PLAN  WITHOUT  AALLERV 


I 
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Figure  In  an  /uditorim  with  non-parallal  side  walls  and 
gallery  (A),  the  audience  can  be  seated  closer  to 
the  sound  source  as  against  a rectangular  plan  of 
the  sane  capacity  but  without  gallery*  center 
of  gravity  of  listening  areat  S«&<ound  sourcCf 
d ■ average  distance  between  sound  source  and  lis- 
tener* 
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(B)  The  floor  area  and  the  volume  of  the  room  should  be 
kept  at  a reasonable  minimum,  thereby  shortening  the 
distance  the  direct  and  reflected  sound  has  to  travel 
(F-55). 

(C)  The  audience  should  he  located  on  a properly  raked  or 
ramped  floor  because  sound  is  more  readily  absorbed 
when  it  travels  over  the  audience  at  grazing  Incidence 
(F-61). 

(D)  The  sound  source  should  be  raised  as  much  as  possible 
in  order  to  secure  a free  flow  of  the  direct  sound  waves 
(those  traveling  directly  from  the  sound  source,  without 
reflection)  to  every  auditor* 

(E)  The  sound  source  should  be  closely  and  abundantly  sur«* 
rounded  with  efficient  (flat  or  slightly  convex)  sound 
reflective  surfaces  in  order  to  supply  additional,  re- 
flected sound  to  every  portion  of  the  audience  area  but 
particularly  to  the  remote  seats*  The  angles  oi  the  re- 
flective surfaces  must  be  established  by  the  law  of 
soimd  reflection  outlined  in  paragraph  D#l.  The  pro- 
vision of  large  soiund  reflectors  around  the  sound 
source  is  a prerequisite  of  good  hearing  conditions 

in  Auditoria  (P-8,  P-11,  F-26,  P-27,  F-38,  P-59). 

The  audience  should  he  seated  not  only  close  to  the  sound 
source  but  should  also  occupy  those  parts  of  the  seating  area 
which  are  most  valuable  from  the  point  of  view  of  both  sight  and 
hearing*  To  avoid  acoustically  inadequate  seats  at  the  extreme 
ends  of  front  rows  (in  an  Auditorium  with  excessive  width  compared 
to  its  length),  the  floor  plan  should  be  well  proportioned;  prac- 
tically speaking,  the  average  width  to  maximum  length  proportion 
should  fall  between  1:1.2  and  1:2.2  (P-l).  No  aisle  should  be 
located  along  the  longitudinal  axis  of  an  Auditorium,  since 
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seeing  and  hearing  conditions  are  most  favorable  along  this 
line  (P-1,  GB-52). 

In  regard  to  the  ratio  of  height  to  width  to  length  of  an 
Auditorium,  the  older  acoustical  literature  contains  a number 
of  pertinent  suggestions;  rigorous  adherence  to  these  propor- 
tions was  considered  to  be  an  inaispensable  factor  in  the  a- 
chievement  of  perfect  room  acoustical  conditions.  Popular  for- 
mulae give  the  ratio  of  height  : width  : length  » 2 : 3 : 5 or 
1 : 5^  ; 3^  (GB-52).  The  acoustical  efficiency  of  these  pro- 
portions is  unquestionable,  however,  it  must  be  mentioned  that 
the  strict  consideration  of  any  recommended  room  proportions 
should  be  limited  to  the  design  of  acoustically  sensitive  rooms, 
such  as  Radio  or  Recording  Studios,  etc.  (discussed  in  Section 
J)# 

In  ^he  design  of  acoustically  efficient  reflective  surfaces 
around  the  sound  source  it  must  be  remembered  that  (a)  the  re- 
flectors have  to  be  located  closely  to  the  sound  source  in  or- 
der to  produce  powerful  reflections  following  quickly  upon  the 
direct  sound,  (b)  the  reflections  need  to  be  progressively  more 
and  numerous  towards  the  remote  seats  (GB-55},  and  (c)  the  di- 
mensions of  the  reflecting  surfaces  must  be  comparable  to  the 
wavelengths  of  the  sound  waves  to  be  reflected  (as  pointed  out 
in  subsection  D.l).  The  ceiling  usually  constitutes  a suitable 
surface  for  the  accommodation  of  sound  reflectors,  as  illustra- 
ted diagrammatically  in  Figure  F.2.  In  reality,  the  successful 
integration  of  an  acoustically  efficient  system  of  ceiling  re- 
flectors into  the  overall  architectural,  structural, mechanical, 
and  electrical  layout  of  the  ceiling  is  one  of  the  most  difficult 
problems  in  the  design  of  a contemporary  Auditorium.  It  will  de- 
finj.tely  require  full  attention  from  the  architect, and  his  close 
cooperation  with  structural,  mechanical,  electrical  and  acous- 
tical consultants  will  be  particularly  important.  For  additional 
examples  of  acoustically  efficient  ceiling  reflectors  see  Figures 
G.8,  H.l,  H.2,  1.3  and  1.6. 
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CEILING  REFLECTIONS  IM  AUDITORIA 
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Figure  F«2.  A properly  shaped  oeilizig  reflector 
(Section  "A**)  will  proTide  tmifom 
floond  energy  distribution  over  the 
remote  rovs*  A poorly  shaped  ceiling 
(Section  "B**)  will  create  acousticadly 
poor  spots. 
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Parallel  boundary  surfaces,  particularly  close  to  he  sound 
source,  should  be  aTolded  in  the  design,  of  the  roou  ^Aiape* 

In  addition  to  those  reflective  surfaces  which  serve  to  re- 
inforce the  direct  sound  by  reflections  toward  the  audience, 
additional  reflective  surfaces  have  to  be  provided  which  will 
direct  the  sound  back  to  the  perf  enters*  This  is  particularly 
necessary  in  Auditoria  designed  for  musical  or  vocal  purposes 
(63-43). 

If  besides  the  primary  sound  source,  generally  located  at 
the  front  part  of  the  Auditorium,  additional  sound  sources  exist 
in  other  parts  of  the  room  (e*g*.  Church  organ  or  choir  gallery 
opposite  the  altar  end  of  the  nave),  these  sound  sources  also 
have  to  be  surrounded  by  sound  reflective  surfaces*  It  is  es- 
sential that  in  every  Auditorium  a condition  be  created  under 
which  the  greatest  possible  amount  of  sound  energy  is  directed 
from  all  ^sending**  positions  to  all  "receiving"  areas* 

Correctly  located  sound  reflectors,  in  addition  to  providing 
for  the  required  reinforcement  of  the  sound  energy  supply,  also 
create  an  environmental  condition  known,  as  "space  effect",  which 
is  brought  about  when  sound  is  received  by  an  auditor  from 
numerous  directions}  this  condition  is  typical  of  an  enclosed 
space  and  entirely  missing  in  an  Open-Air  Theater* 

The  proper  design  and  location  of  sound  reflective  surfaces 
will  compensate  adequately  for  the  sound  energy  losses  in  small 
and  medium  size  roMis*  Xn  large  Auditoria,  however,  the  design 
of  a high-quality  sound  amplification  system  is  indispensable 
(F— 1);  sound  systems  will  be  discussed  in  Section  I* 

Galleries  should  not  protrude  too  far  into  the  air  space  of 
an  Auditorium,  since  the  audience  seated  below  deep  galleries 
can  hardly,  if  at  all,  be  supplied  with  sufficient  direct  and 
reflected  sound  energy  (see  paragraph  F*6*6)* 
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F«4  Provision  for  diffusion  of  sound 

If  the  sound  ener^  is  uniformly  distributed  in  an  Audi- 
torium (requirement  No»  2 of  subsection  P«2)  and  the  sound 
vaves  are  traveling  in  every  direction,  the  phenomenon  of  acous- 
tical diffusion  will  be  experienced  (F-33,  F*38)»  Subsection 
D*4  has  described  the  ways  in  vhich  acoustical  diffusion  cam 
be  achieved*  Two  important  aspects  have  to  be  considered  in 
the  effort  to  provide  diffusion  in  a room:  the  surface  irreg- 
ularities must  be  abundently  applied  and  they  must  be  of  reason- 
ably large  size  (F-1,  P-2,  P-10,  P-28,  P-33,  P-54). 

Per  reasons  of  economy  and  aesthetics,  particularly  in  small 
rooms,  the  application  of  surface  irregularities  is  often  diffi- 
cult. In  such  case%  the  random  distribution  of  absorbing  mate- 
rial or  the  alternate  application  of  sound  reflective  and  sound 
absorptive  treatment  are  other  means  of  promoting  diffusion* 

The  application  of  acoustical  diffusers  is  particularly  im- 
portant for  Concert  Halls,  Opera  Houses,  Radio  and  Recording 
Studios  and  Husic  Rooms.  Por  examples  of  efficiently  applied 
acoustical  diffusers  see  Figures  G.2,  H.l,  H.2,  H.10,  H.12  and 
I*7. 

jHie  beneficial  effect  of  acousticed  diffusers  upon  the  a- 
coustical  conditions  of  Auditoria  is  quite  remarkable.  It  has 
been  found  that  in  certain  rooms  with  rather  excessive  rever- 
beration times,  in  which  a reasonable  number  of  properly  sized 
surface  irregularities  have  been  installed,  hearing  conditions 
are  better  than  is  normally  esqpected  (GB-32).  This  is  probably 
due  to  the  fact  that  the  diffusers  have  created  a uniformity 
in  the  rate  of  growth  and  decay  of  the  transient  sounds  (see 
subsection  D.3). 

F.5  Control  of  reverberation  time 


For  every  Auditorium  there  exist  optimum  reverberation 
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characteristics  that  vill  enable  all  frequency  components  of 
speech  and  music  to  grow  and  decay  at  such  rates  during  their 
transient  states,  and  to  he  maintained  at  such  levels  during 
their  steady  states,  as  will  result  in  perfect  intelligihility 
0f  speech  and  ideal  conditions  for  the  production,  transmission 
and  appreciation  of  music  (F-l)»  Optimum  reverberation  charac* 
teristics  of  a room,  depending  on  its  volume  and  function,  im- 
plies (e)  favorable  R.T.  vs.  frequency  characteristics,  (b) 
propitious  ratio  of  reverberant  to  direct  sound  reaching  the 
audience  (F-27),  and  (c)  optimum  nature  of  the  growth  and  de- 
cay of  sound  (F-1,  P-2,  P-4,  P-34,  P-36,  GB-43,  GB-52). 

At  present  the  control  of  R»T»  is  a most  Important  step  in 
the  acoustical  design  of  Auditoria*  The  optimiun  R»T*  of  an  Au- 
ditorium is  represented  by  a diagram  which  gives  ideal  values 
of  R*T.  as  functions  of  representative  frequencies  throughout 
the  audio-frequency  range* 

Figure  P*3  gives  a reasonable  summary  of  optimum  reverber- 
ation tines  of  Auditoria,  plotted  against  their  volume,  as  re- 
commended by  the  following  authorities:  Y*0*  Khudsen  and  C*H* 
Harris  (P-1),  F.  Ingerslev  (P-2),  Acoustical  Materials  Asso- 
ciation, Hew  York  (P-4),  P.  Bruckmayer  (P-60),  B.Y.  Kinzey 
and  H*H*  Sharp  (P-62),  W.  Kuhl  (J-71),  L.Ii.  Beranek  (GB-34), 
P.H.  Parkin  and  H.R.  Humphreys  (GB-43),  and  W.  Purrer  (GB-52). 
The  reverberation  times  shown  on  Figure  P*3  apply  to  the  mid- 
frequency  region  of  500  to  1000  ops;  these  values  usually 
serve  as  reliable  factors  of  the  hearing  conditions  in  Au— 
ditoria*  Ej^erience  has  proved  that  excessive  variation  of 
R*T*  at  frequencies  other  than  the  mid-frequency  value  will 
create  unsatisfactory  hearing  conditions*  Various  curves  of 
R*T.  vs*  frequency  have  bean  suggested  (P-1,  GB-34) ; these 
generally  recommend  a flat  curve  above  500  cps*  For  music,  a 
curve  rising  to  about  1*5  times  the  500  cps  value  at  125  cps 
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Figure  F,3.  Optimum  reverberation  tinea  for  Auditoria  of 
various  sizes  and  funetions,  at  the  frequenogr 
of  500  opSy  ooapiled  from  published  literature* 
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is  proposed,  while  for  speech,  the  curve  should  remain  flat 
down  to  lOO  cps.  For  Multi-Purpose  Auditor! a,  the  R*T.  vs. 
frequency  curve  below  500  cps  may  lie  anywhere  between  these 
limits  (F-4).  A deviation  of  about  3 to  10  ^ from  a selected 
optimum  R.T.  value  is  generally  considered  acceptable,  par- 
ticularly in  Auditoria  with  a high  degree  of  diffusion.  Figure 

F. 3  clearly  indicates  that  rooms  used  for  speech  require  a 
shorter  R.T.  than  rooms  of  the  same  volume  used  for  musical 
or  vocal  purposes;  these  aspects  will  be  described  in  Section 

G,  "Acoustical  Design  of  Rooms  for  Speech",  and  in  Section  H, 
"Acoustical  Design  of  Rooms  for  Music”. 

During  the  acoustical  design  of  an  Auditorium,  once  the 
optimum  R.T.  at  the  mid-freouency  range  has  been  selected, and 
the  R.T.  vs.  frequency  relationship  below  500  cps  settled, 
then  the  reverberation  control  consists  of  establishing  the 
total  amount  of  room  absorption  to  be  supplied  by  the  room 
finishes,  room  contents,  etc.,  that  will  produce  the  selected 
value  of  R.T.  For  this  calculation,  the  formula  discussed  in 
paragraph  D.5>  is  used  (F-1,  F-44>  F-48,  GB-43>  GB-52): 

R n,  ^ 0.049  V 

* “ 3 [-2.30  log^Q 

This  formula  distinctly  shows  that  the  larger  the  room 
volume,  the  longer  will  be  the  R.T.,  and  that  the  more  ab- 
sorption introduced  into  the  room,  the  shorter  will  be  the 
R.T.  Tables  F.l  and  F.2  illustrate  the  effect  of  room  volume 
and  audience  absorption  on  R.T.  in  various  Auditoria  reputed 
for  their  acoustics. 

The  distribution  and  selection  of  th;.  most  suitable  a- 
coustical  treatments,  under  given  circumstances,  have  been 
discussed  in  subsections  E.7  and  E.8.  As  a general  rule,  ab- 
sorbing materials  should  be  placed  along  those  boundary  sur- 
faces of  the  Auditorium  which  are  liable  to  produce  acous- 
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Table  P.l 


snccT  or  hoon  vouns  om  isvbribiuixom  txis 

Qnaan  Iliaabatb 
Thaatar,  Vaneouvar 

r.lUNana  Concert  Hallf 
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□ 

D 

D3 

Voluua  (ft3) 

525,500 

750,000 

865,000 

Numbar  of  aaata 
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2715 

2644 

▼oluaa  par  aaat  (ft^) 

188 

276 

327 

Mid-rraquaney 
ravarbaration  tiaa  (aae) 

1.35 

1.55 

1.9 

Yaar  of  dadieation 

1959 

1957 

1962 

Table  P*2 
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Conoart  Hall 
Turku,  Finland 

Kraega  Auditorium, 
Cambridge,  U.S.A* 

Teatr?  Alla  Scale, 
Milan,  Italy 

Longitudinal  Saetiona 

U!- 

Floor  plana 

0 

0 

Volume  (ft3) 

340,000 

354,000 

397.000 

Numbar  of  aaata 

1002 

1238 

2289 

Audienca  area  (ft^) 

8000 

9280 

14,000 

Mid-frequency 
reverberation  time  (aao) 

1.6 

l.»^7 

1.2 

Year  of  dadieation 

1953 

1955 

1778 

ERIC 
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tical  defects;  such  as»  echoes,  too  long-delayed  reflections, 
sound  concentrations,  etc*  (to  be  discussed  in  subsection  F*6)* 

In  Auditoria  with  widely  fluctuating  audience  attendance, 
hearing  conditions  should  also  be  satisfactory  in  the  partial 
or  total  absence  of  the  audience*  The  most  effective  way, 
though  certainly  not  inexpensive,  to  achieve  this  is  to  re- 
place the  possible  loss  of  audience  absorption  by  upholstered 
seats,  with  the  bottom  side  of  the  seats  also  rendered  ab- 
sorptive (F-54)* 

F*6  Elimination  of  acoustical  defects 

Besides  the  provision  for  positive  acoustical  attributes  in 
an  Auditorium,  such  as  adequate  loudness  (subsection  F*3)»  uni- 
form distribution  of  sound  energy  (subsection  F*4),  and  the 
control  of  reverberation  (subsection  F.5),  it  is  essential  that 
various  acoustical  defects  should  be  eliminated  from  Auditoria* 
The  following  are  the  most  common  acoustical  defects  that  can 
Impair,  auid  sometimes  destroy,  otherwise  acceptable  acoustical 
conditions  within  a room: 

F»6*l  Echo 

This  will  be  noticeable  when  the  sound  is  being  reflected 
from  any  boundary  surface  of  the  Auditorium  with  sufficient 
magnitude  and  delay  to  be  perceived  as  a sound  distinct  from 
that  which  travels  directly  from  the  sound  source  (GB-73)# 

Echo  occurs  if  a time  interval  of  l/lO  to  1/23  second  elapses 
between  the  perception  of  the  direct  and  reflected  sounds 
originating  from  the  same  source^  These  time  intervals  corres- 
pond to  path  differences  of  45  to  113  ft  between  direct  and  re- 
flected sound*  The  exact  time  lag  between  direct  and  reflected 
soimd  that  is  necessary  to  produce  echo,  in  other  words,  the 
distance  between  sound  source  and  echo-producing  reflective 
boundary  surface,  will  depend  on  the  type  of  sound  program. 
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the  position  of  sound  source  and  listener^  tho  size  and  shape 
of  reflecting  surfacOf  reverberation  conditions  in  the  roottf 
and  sensitivity  of  the  ear* 

A sound  reflective  rear  wallf  opposite  the  sound  sourcOf  is 
a potential  echo^producing  surface  in  an  Auditorium  (see  Figure 
F.4)f  unless  this  rear  wall  is  underneath  a deep  balcony  (F-I9 
P-2,  F-22,  GB-45,  GB-52,  GB-53). 

F*6,2  Long-delayed  reflections 

These  are  basically  echoes  with  a shorter  delay;  they 
produce  a blurring  or  masking  of  the  direct  sound  (GB-43)» 

F.6,3  Flutter  echo 

Consisting  of  a rapid  succession  of  noticeable  echoes,  a 
flutter  echo  can  be  observed  if  a short  burst  of  sound,  such 
as  a clap  or  shot,  is  produced  between  parallel,  sound  reflec- 
tive surfaces,  while  the  other  pairs  of  opp^^jite  surfaces  in 
the  room  are  non-parallel,  or  relatively  absorbent,  or  diffu- 
sive (F-1,  F-2,  GB-43)*  Elimination  of  parallelism  between 
opposite  reflecting  surfaces  is  one  way  to  avoid  flutter  echoes* 
No  flutter  echo  will  be  noticeable  if  the  sound  source  is  not 
located  between  the  critical  parallel  surfaces* 

Echoes,  long- delayed  reflections  and  flutter  echoes  generally 
can  be  prevented  by  the  application  of  sound  absorbing  materials 
along  the  defect-producing  reflective  surfaces*  If  the  instal- 
lation of  acoustical  finishes  adong  these  critical  areas  is 
not  feasible,  they  should  be  rendered  diffusive,  or  tilted, 
to  produce  beneficial  reflections  as  shown  diagrammatically  in 
Figure  F.5  (F-1,  P-2). 

F.6*4  Sound  concentrations 

Often  referred  to  as  "hot**  spots,  sound  concentrations  are 
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Plgore  F«4«  The  rise  of  echo  in  an  Auditoriun.  The 
distance  '*1)*'  between  sound  source  and 
echo  - producing  rear  vail  will  depend 
on  the  type  of  the  sound  program,  posi* 
tion  of  sound  source  and  listener^size 
and  shape  of  reflecting  surface,  re- 
Tsrberation  conditions  in  the  room,  and 
sensitivity  of  the  ear* 
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A)  INCORRECTLf  REFLECTIVE 
REAR  WALL 


D)  ABSORPTIVE  REAR  WALL 


C)  SERRATED  (DIFFUSIVE) 
REAR  WALL 


D)  BENEFICIALiy  REFLECTIVE 
REAR  WALL 


Figure  P.5.  Reflective  rear  wall  (A)» liable  to  produce 

acoustical  defectSf  should  be  treated  acous- 
tically (B),  or  rendered  diffusive  (C),  or 
tilted^  to  produce  beneficial  reflections 
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created  by  sound  reflections  from  concave  surfaces*  The  loud«- 
zuess  of  sound  at  these  "hot**  spots  is  unnaturally  high,  which 
always  happens  at  the  expense  of  other  parts  of  the  room,  call- 
ed **dead**  spots,  where  hearing  conditions  are  poor*  The  pre- 
sence of  **hot"  and  **dead**  spots  create  a non-uniform  distri- 
bution of  sound  energy  in  rooms  (F-1,  F-2,  GB-43,  6B-33);  the 
elimination  of  this  phenomenon  is  an  important  goal  of  room 
acoustics*  A typical  example  of  undesirable  somid  concentration 
can  be  observed  near  a speaker  whose  sound  is  reflected  back  to 
him  from  adjacent  concave  surfaces,  creating  the  false  subjec- 
tive illusion  that  he  talks  too  loudly*  He  will,  therefore, 
overestls?ate  the  loudness  of  his  own  voice  and  will  be  inclined 
to  speak  softer  than  is  necessary  to  be  heard  by  an  audience 
(P-1). 

Large,  unbroken,  concave  enclosures,  particularly  those 
havj^ng  large  radii  of  curvature,  should  be  eliminated  from  Au- 
di toria,  or  treated  with  efficient  sound  absorbing  materials* 
If  the  application  of  large  concave  surfaces  cannot  be  avoided 
and  their  acoustical  treatment  is  not  feasible,  then  these  con- 
cave surfaces  should  be  shaped  such  that  they  focus  in  space 
outside  the  audience  area  or  room  (F-2)* 

A suitably  selected  and  properly  installed  sound  amplifi- 
cation system  will  reduce,  but  never  entirely  remedy,  the  det- 
rimental acoustical  effects  of  echoes, long-delayed  reflections, 
flutter  echoes and  sound  concentrations* 

F*6*3  Coupled  spaces 

If  an  Auditorium  is  connected  to  an  adjacent  reverberant 
space  (such  as  a foyer,  stair-hall,  corridor,  stage  tower, 
baptistry,  etc  ) by  means  of  open  doorways,  the  two  rooms 
will  form  coupled  spaces  (F-21)*  As  long  as  the  air  spaces  of 
the  coupled  rooms  are  interconnected,  an  inflow  of  reverberant 
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sound  into  the  main  Auditorium  from  the  adjacent  space  will  be 
noticeable,  although  reverberation  might  have  been  properly 
controlled  in  the  main  room<»  This  phenomenon  will  particularly 
disturb  the  audience  seated  close  to  the  open  doorways,  no  mat- 
ter how  much  consideration  was  given  to  the  reverbera  ion  con- 
trol of  the  main  Auditorium  (F-l|  F-2}« 

The  undesirable  effect  created  by  coupled  spaces  can  be 
overcome  either  by  adequate  acoustical  separation  between  the 
coupled  spaces  or  by  providing  approximately  the  same  decay 
rate  in  both  spaces* 

F*6.6  Distortion 

This  phenomenon  is  an  undesired  change  in  the  quality  of 
musical  sounds  due  to  the  uneven  or  excessive  sound  absorption 
at  different  frequencies  of  boundary  surfaces.  This  will  be 
avoided  if  the  applied  acoustical  finishes  have  balanced  ab- 
sorption characteristics  over  the  entire  audio-frequency  range. 

F.6.7  Hoorn  resonance 

Sometimes  called  "coloration",  this  will  occur  when  sounds 
within  a narrow  frequency  band  tend  to  sound  louder  than  other 
frequencies.  This  phenomenon  is  created  by  parallel  reflective 
surfaces  if  the  wavelength  of  the  sound  is  equal  to  the  distance 
between  the  surfaces  or  to  a submultiple  of  it  (GB-34)a  The 
avoidance  of  this  acoustical  defect  is  particularly  important 
in  the  design  of  Broadcasting  and  Recording  Studios^ 

F.6.8  Sound  shadows 

Under-balcony  spaces,  with  a depth  exceeding  twice  the  height, 
should  be  avoided  (Figure  H.7)i  since  they  will  prevent  the  remote 
seats  underneath  from  receiving  an  adequate  amount  of  direct 
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and  reflected  sounds,  creating^ thereby^  poor  audibility  in  this 
region  of  the  Auditorium  (6B«35)* 

F«6,9  Vhispering  galleries 

High  frequencies  of  sound  have  the  tendency  to  "creep"  a- 
long  large  concave  surfaces,  such  as  hemispherical  domes  (St* 
Paul's  Cathedral  in  London,  Royal  Theater  in  Copenhagen,  etc*)* 
A very  soft  sound  like  a whisper  created  close  to  such  a dome 
will  be  surprisingly  audible  at  the  opposite  side  of  the  struc- 
ture* A whispering  gallery  might  be  a sensational  and  harmless 
phenomenon  in  an  Auditorium  but  never  a contributing  factor  to 
its  acoustics  (F-1,  F-2)* 

F*7  Noise  and  vibration  control  of  Auditoria 

The  exclusion  or  reasonable  reduction  of  interfering  noises 
and  vibrat:.ons  from  Auditoria,  constituting  an  important  re- 
quirement in  the  acoustical  design  of  rooms,  will  be  discussed 
in  detail  in  PART  III  NOISE  CONTROL  (F-35). 
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In  the  acoustical  design  of  Auditoria  for  speech  the  pri- 
mary requirement  is  intelligibility,  i*e«|  the  speaker  should 
be  understood  clearly  and  easily  (6-3)  • 

G0I  Nature  of  speech  sounds 

Speech  sounds  contain  vowels  and  consonants,  woven  into  an 
Individual  pattern  of  predominant  tonesi  sometimes  called 
"formants"  (GB-73)*  These  formants,  consisting  mostly  of  vowels, 
endow  a person's  voice  with  distinctive  characteristics,  con- 
tributing to  the  basic  tone  of  speech*  Consonant  sounds,  often 
very  high  frequency  sounds  with  extremely  short  and  rapid  suc- 
cession, have  only  a limited  acoustical  power  compared  to  the 
vowels* 

Vowels  emphasize  the  basic  tone  and  the  natural  qualities 
of  speech,  and  since  intelligibility  depends  to  a large  extent 
on  the  proper  recognition  of  consonant  sounds,  the  preserva- 
tion of  both  vowels  and  consonant  sounds  is  therefore  an  im- 
portant factor  in  the  achievement  of  favorable  speech  acous- 
tics (G-3). 

G*2  Effects  of  rooms  on  speech 

The  physical  and  acoustical  features  of  an  Auditorium,  such 
as  size  and  shape  of  the  room,  reverberation  characteristics, 
prevailing  noise  conditions,  etc*,  will  have  an  influence  on 
speech  in  the  room  (6-4,  G-5i  G-6)* 

The  larger  an  Auditorium  is  - assuming  the  absence  of  a 
sound  amplification  system  - the  more  effort  must  be  exerted 
by  a speaker  in  order  to  make  himself  understood  in  every  part 
of  the  room  but  particularly  at  the  remote  seats* 

Reverberation  will  reinforce  the  loudness  of  speech,  how- 
ever, excessive  reverberation  will  be  harmful  to  intelligibility; 
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it  will  blur  and  mask  the  spoken  syllables  by  the  still  audi- 
ble reverberation  of  previously  uttered  syllables  (G-7,  C-9, 
6-11)*  Under  such  reverberant  conditions,  a speaker,  besides 
being  annoyed,  will  also  be  inclined  to  talk  softer,  slower 
and  more  articulat€(iy  than  he  would  otherwise  (6— !)• 

^•3  Acoustical  requirements  of  Auditoria  for  speech 

All  the  requirements  and  recommendations  discussed  in 
Section  "Acoustical  Requirements  in  Auditorium  Design**  , 
naturally  apply;  in  particular,  the  design  of  rooms  for  speech 
must  comply  with  two  basic  requirements:  speech  intelligibility 
must  be  secured  above  all,  and  a R.T.  ideal  for  speech  must  be 
provided* 

To  secure  a high  degree  of  intelligibility  (C-10)  and  also 
to  enable  the  audience  to  appreciate  the  subtleties  or  dramatic 
effects  being  sought  by  a speaker  (e*g», actor,  preacher,  polit- 
ical speaker,  etc.),  it  is  essential  that: 

(A)  Ample  direct  sound  waves  should  reach  the  listeners; 
this  requires  adequately  raked  seats,  a raised  speaker's 
platform  ard  the  elimination  of  any  obstructing  element 
(column,  deep  balcony  front)  from  the  room. 

(B)  The  paths  of  direct  sound  waves  should  be  as  short  as 
possible  to  reduce  sound  energy  losses  in  the  air. 

This  requires  a compact  room  shape  with  a low  volume 
per  seat  value  of  about  100  to  175  ft^,  preferably 
nearer  to  the  lower  figure  (G-3,  GB-29).  It  MLows  fkom 
the  R.T*  formula  that,  other  conditions  being  equal, 
the  lower  the  volume  per  seat  value  is  in  a room,  the 
less  acoustical  treatment  will  be  required  for  the  pro- 
vision of  the  same  R.T. 

(C)  The  direct  sound  waves  should  be  reinforced  with  ample 
short-delayed  reflections  arriving  at  the  listeners 
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with  a path  difference  of  possibly  not  more  than  about 
30  ft  compared  to  the  direct  sound  (G«3)* 

(D)  The  seats  should  be  layed  out  in  a pattern  such  that 
they  do  not  fall  outside  an  angle  of  about  140^  sub- 
tended at  the  position  of  the  speaker  (G-3f  G-14f  0-17). 
This  is  necessary  in  order  to  preserve  the  high  frequen- 
cy speech  sounds  whose  power  would  drop  badly  outside 
this  angle » because  of  their  directional  characteristics* 
(£)  The  acoustical  finishes  applied  in  the  Auditorium  should 
possess  uniform  absorption  characteristics  between  250 
and  7000  cps  (3-1)  to  prevent  the  undesired  excessive 
absorption  of  vowels  or  consonant  sounds  within  this 
frequency  range* 

(F)  The  R*T*  of  the  Auditorium  should  be  as  close  as  possible 
to  the  ideal  value  throughout  the  entire  audio-frequency 
range,  as  it  is  shown  in  Figure  F*3  (G-3)#  It  must  be 
noted,  however,  that  the  achievement  of  a short  H*T* 
alone,  as  suggested  in  this  Figure,  is  no  guarantee  of 
good  hearing  conditions  in  rooms  for  speech* 

The  speech  intelligibility  in  an  Auditorium  can  be  deter- 
mined quantitatively  by  articulation  testing  which  will  be  dis- 
cussed in  Section  K (G-12,  GB-73)* 

G*4  Auditoria  for  speech 

The  recommendations  given  in  Section  F,  "Acoustical  Require- 
ments in  Auditorium  Design",  and  in  subsection  G*3»  "Acoustical 
requirements  of  Auditoria  for  speech”,  apply  completely  to  the 
acoustical  design  of  the  various  Auditoria  discussed  in  this 
Section*  The  architectural  and  structural  design  of  specific 
Auditoria,  however,  will  often  create  special  acoustical  con- 
ditions, thus  necessitating  the  enumeration  of  a few  addi- 
tional recommendations* 
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Legitimate  Theaters 

Consideration  will  be  given  here  to  the  Legitimate  Theater 
which  is  used  in  the  overwhelming  majority  of  performances  for 
regular  stage  plays  (dramatic  performances) 9 without  dissoci- 
ating this  type  of  Auditorium  from  occasional  musical  present- 
ations (G»15t  <2-169  <2-179  <2-68). 

Acoustical  problems  encountered  in  the  architectural  design 
of  Legitimate  Theaters  are  ever  increasing9  due  to  the  fact 
that  fundamental  changes  are  taking  place  in  the  domain  of 
Theater  design*  The  Theater  people  ( playwright S9  produoers9 
director S9  stage  managers 9 composers9  actors)  esq^ect  revolution- 
ary changes  from  the  architects^or  at  least  considerable  im— 
proTements9  in  Theater  design  in  order  to  satisfy  their  in* 
creasing  artistic  aspirations  (6-189  <2-249  <2-289  <2-3^9  <2-399 
<M1,  G-429  G-469  G-489  6-549  <2-569  6-57,  6-589  G-62). 

The  relationship  of  performing  area  to  audience  ares9  a 
erucial  factor  in  Theater  acoustics9  is  generally  set  accord- 
ing to  one  of  four  basic  stage  forms  (llgure  6*1)  { (a)  the 
proscenium  type  (picture  stage)  with  the  performing 
area  at  one  end  of  the  Theater lanl  with  the  audience  watching 
through  the  picture  frame  of  the  proscenium  opening;  it  sep- 
arates the  audience  from  the  performers;  (b)  the  arena 
type  (Theater— in- the— round) 9 based  on  the  radial  layout  of  the 
classical  Amphitheaters9  without  any  separation  between  per- 
formers and  spectators;  (c)  the  apron  type  (also  called 
Elizabethan  apron)  with  the  performing  area  protruding  into 
and  being  surrounded  on  three  sides  by  the  audience 9 thus  pro- 
viding an  intimate  relationship  between  actors  and  speotators; 
and  (d)  the  caliper  type  with  the  reversed  arena  con- 
cept where  the  side  stages  extend  out  and  surround  the  spec- 
tators* Contemporary  stage  forms  all  derive  from  one  or  a 
combination  of  these  prototypes  (G-339  <2-639  <2-71)# 
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A.  protcvnium 


B.  ar«na 


C apron 


D.  caliptr 
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Fisort  6«1«  Ih«  basic  stage  foras  used  in  Theater  design* 
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figoras  G»2f  6*3  and  6*4  shov  typical  axamplas  of  the  proa- 
oeniiia,  arena,  and  apron  type  stages  (G«13,  G«14f  6*16,  6*19, 
6-20,  CS-23,  6*25,  6-27,  6-29,  6-30,  G-31,  6*32,  6*35,  6-36, 
6*37,  6-44,  6-45,  6-49,  6-55,  6-61,  6-63,  6-64,  6-65,  6-69, 
6—71,  6-72,  6-73)* 

Regarding  the  acoustical  requirements  specifically  appli- 
cable to  Legitimate  Theaters,  it  must  be  quite  obvious  that  the 
widely  differing  floor  plans  and  room  shapes  will  certainly 
pose  serious  acoustical  problems,  in  particulars 

- providing  ample  and  powerful  short-delayed  reflections 
to  e T e r y part  of  the  audience  area; 

— securing  even  distribution  of  sound  throughout  the  Au- 
ditorium; 

* raising  the  sound  source  and  raking  the  audience  area; 

* providing  short-delayed  back  reflections  onto  the  per- 
forming area; 

* obtaining  ideal  R«T*  vs«  frequency  characteristics  for 
performances  other  than  stage  plays; 

— eliminating  echoes,  long— delayed  reflections  and  sound 
ooncentrations  from  the  frequently  used  circular  form 
without  creating  an  overly  dead  acoustical  environment; 

- locating  the  seats  such  that  sufficient  sound  waves 
(high  frequency  components  of  speech)  reach  those  spec- 
tators who  happen  to  sit  behind  the  performer; 

**  eliminating  the  coupled  space  effect  between  audience 
area  and  fly-tower; 

* aocomnodating  a sufficiently  large  and  easily  demountable 
orchestra  shell  on  the  acting  area,with  variable  capacity; 

* installing  an  unobtrusive,  high  quality  sound  amplifica- 
tion system  when  the  audience  capacity  exceeds  about 
1500  (6-3) • 
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JM  Tolune:  525sOOO  ft3  <14»870  «5) 

Tol*  per  and*  seat:  188  ft3  (5,3  m?) 

K.oor  area  per  aod.  seat:  6.9  (0.64  u^) 

Nid-fregu.  reverberation  tine:  1.39  see 
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ipggM  ELTZABEIH  mEATRE^  YAMCOUVEH 


.?ijEore  G»2»  Qa««a  Elizabeth  Theater  in  YaneouTert 
representing  the  proeoeniua  type  stage* 
Affleck,  Desbarats,  biaakopeulos,  Lebens- 
old,  Michaud  and  Size,  architects;  Bolt, 
Beranek  and  Nevaan,  acoustical  consultants* 
(Reprinted  fron  Music,  Acoustics  and  Archi<- 
teoture  by  L«L*  Beranek,  John  Wiley  and 
Sons,  Hew  York,  1962)* 
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Figure  G»3«  Arana  stage  in  Vashingtony  D«C«  Floor  plan* 
Seating  oapaelty:  752,  completed  in  19ol* 
22:  stage  entrance,  23:  stage,  25:  smoking 
balcony,  31  and  34:  boxes,  35:  tiers* 

H*  Weese  and  Ass*,  architects  and  en^nemrs* 
(Reprinted  from  Frogr*  Arch*,  Feb*  1962}* 
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Figure  G«4«  The  Tyrone  Guthrie  Theater  in  Minneapolis^ 
Hinnesota,  oombinee  an  apron  stage  with  a 
shallow  proscenium  stage*  Seating  capacity 
14^7»  completed  in  1963*  R*  Rapson,  architect; 
R*F«  Lambert,  acoustical  consultant*  ( Re- 
printed from  Progr*  Arch*,  Feb*  1962)* 
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6«4«2  Lecture  HallSy  Classrooms 

Xocture  Halls  of  the  various  educational  institutional 
often  termed  "Amphi  theaters"  9 and  normally  seating  more  than 
about  100  personal  should  be  designed  in  accordance  with  the 
relevan,t  acoustical  principles  discussed  above  in  order  to  se- 
cure the  most  favorable  conditions  for  the  intelligibility  of 
speech  (G-73)*  fhis  means  that  an  optimum  shape  and  size  of  the 
roQUi  an  adequate  and  correctly  directed  supply  of  short-de- 
layed sound  reflectionsi  the  provision  for  the  required  short 
R*T*|  full  elimination  of  possible  acoustical  defectSf  reason- 
able noise  controli  etc. 9 should  all  be  carefnlly  considered 
and  secured.  The  optical  and  acoustical  requirements  in  Iiocture 
Halls  are  in  complete  agreement:  suitable  room  proportion  and 
shape  will  contribute  equally  to  good  sight  and  good  hearing. 

The  exact  purpose  of  a Lecture  Hall  should  be  ascertained 
and  clarified  veil  in  advance  because  rooms  to  be  used  for  de- 
monstration purposes  or  for  audio-visual  education  (G-74i  G-86) 
will  require  particular  care  in  their  acoustical  design  and  de- 
tailing. 

In  the  interest  of  exterior  noise  exclusion!  contemporary 
Lecture  Halls  are  seldom  designed  with  natural  light  and  venti- 
lation. This  will  necessitate  the  design  of  a complex  ceiling 
incorporating  various  mechanical  and  lighting  components!  neces- 
sarily creating  acoustical  problems  in  the  design  of  the  sound 
refleotive  ceiling  (G-77i  G-79i  6-80!  6-83i  G-84i  G-83i  G-89). 

In  the  R.T.  calculation  of  Lecture  Halls  it  is  customary 
to  assume  about  two  thirds  of  the  capacity  audience. 

Lecture  Halls  with  volumes  of  up  to  about  90,000  ft^i  or 
for  an  audience  of  up  to  about  500!  will  not  require  a sound 
amplification  system  if  their  acoustical  design  is  based  on 
the  principles  and  recommendations  discussed  so  far.  Figure  G.$ 
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Figur#  Plan  of  a Xaotore  Hall  at  the  Wolf  son 
laatittttff  Postgradnate  Medical  School 
of  Londofi  Univeralty,  Eiigland.  the  Hall 
seats  471  persons,  it  vas  completed  in 
1961*  3:  lecture  Hall,  4s  projector 

pit*  I^ons,  Israel  and  Ellis,  architects 
H*  Bagenal,  acoustical  consultant*  (Re- 
printed from  Arch*  Des*,  Ag*  1961)* 
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and  Figure  G*6  illustrate  the  plan  and  section  of  an  exemplary 
lecture  Hall  at  the  Wolf  son  Institute,  London,  England  (G-84)« 

Classrooms  with  rectangular  shapes  and  level  floors,  their 
floor  areas  normally  varying  between  about  600  and  1000  ft^, 
and  their  volumes  between  about  6000  and  12,000  ft^,  seldom 
create  any  serious  acoustical  problem  (6-73) • The  rear  wall, 
opposite  the  lecturer,  even  if  acoustically  untreated,  will  sel- 
dom cause  any  audible  acoustical  defect  (such  as  echo,  long-de- 
layed reflection)  because  the  length  of  the  Classroom  is  small 
and  the  usually  installed  pin-up  boards,  wall  tables,  built-in 
book  shelves  and  cupboards  will  dissipate  and  diffuse  incident 
sound* 

The  R*T*  of  the  Classrooms  should  be  approximately  0*6  to 
0*9  sec  at  the  midfrequency  when  full,  depending  on  their  volume 
(Gr-74f  6-78,  6-81,  6-89)*  This  requirement  is  mostly  fulfilled 
if  the  rooms  are  occupied, well  furnished  with  built-in  acces- 
sories (shelves,  cupboards,  etc*),  and  if  light-weight,  prefab- 
ricated building  panels  (plaster  boards,  drywall  construction, 
suspended  ceiling,  etc*),  large  glazed  areas,  luminous  fixtures, 
etc.^are  installed  in  the  Classroom*  If  the  application  of  ad- 
ditional absorbent  treatment  seems  to  be  necessary,  this  should 
be  installed  along  the  edges  of  the  ceiling  or  on  the  upper 
parts  of  the  side  and  rear  walls  (6-3,  6-81,  6-89,  6B-32)*  No 
matter  how  much  additional  absorbent  finishes  are  required  in 
the  Classroom,  the  middle  portion  of  the  ceiling  should  always 
be  kept  reflective  to  provide  uniform  sound  energy  distribution, 
originating  from  any  part  of  the  room  (6-81,  6-87)* 

The  poise  control  of  Lecture  Halls  and  Classrooms,  a re- 
quirement of  importance,  will  be  dealt  with  in  Section  S* 
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Figure  G«6«  Section  of  the  Lecture  Hall  shown  in 
Figure  6.5#  (Reprinted  from  Arch.  Des. 
Ag.  1961). 


o 


G«4#5  Assembly  Halls,  Congress  Halls 


This  paragraph  reviews  Assembly  Halls  of  educational  build- 
ings or  of  other  large  establishments  (Office,^  Factory),  and 
Congress  Halls  in  which  precedence  is  given  to  sound  programs, 
such  as  lectures,  plays  performed  by  amateur  groups,  panel  dis- 
cussions, debates,  vocational  or  political  meetings,  congresses, 
etc.,  and  which  require  primarily  the  intelligibility  of  the 
spoken  word.  These  Auditoria,  although  constructed  without 
stage  facilities  and  equipment,  are  occasionally  used  for  mu- 
sical programs  and  film  projections.  Usually  housing  an  audi- 
ence of  considerable  number,  they  should  always  be  equipped 
with  a speech  reinforcement  system. 

In  their  acoustical  design,  besides  considering  the  prin- 
ciples described  so  far,  particular  attention  should  be  paid 
to  the  following  points  (Cf-90,  G-92,  G-98,  G-99,  H-104): 

(a)  compact  room  shape  and  size, 

(b)  natural  reinforcement  of  direct  sound  energy  supply, 

(c)  ample  distribution  of  direct  sound, 

(d)  sound  diffusion  by  wall  and  ceiling  irregularities, 

(e)  reasonable  compromise  in  R.T.,  close  to  speech  re- 
quirements, 

(f)  heavily -upholstered  seats, 

(g)  carpeted  aisles, 

(h)  acoustically  treated  rear  wall  in  case  of  danger  of 
harmful  reflections, 

(i)  removable  orchestra  shell,  adjustable  in  size, 

(j)  high  quality  speech  reinforcement  system,  providing 
uniform  coverage  with  amplified  sound, 

(k)  exclusion  of  exterior  noise,  provision  for  low  back- 
ground noise. 
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Figure  6«7  Illustrates  an  Assembly  Hallf  and  Figure  6*8 
shovs  a Congress  Hall  (6-90,  G-91f  G-939  0^-94#  C-93,  G-96, 

G«97,  G-lOO,  G-101,  G-102,  6-10>,  G-109). 

6*4*4  Conference  RooaSf  Court  Rooms,  Chambers  for  Local  and 
National  Government 

From  an  acoustical  point  of  view,  Auditoria  in  which  ad- 
ministrative, debating,  judicial  and  legislative  activities 
take  place,  have  the  following  acoustical  requirements  in 
common  (G-3t  6->107): 

- the  provision  for  high  intelligibility  of  speech  must 
receive  top  priority,  and 

- good  hearing  conditions  are  required  for  sources  of  speech 
soimd  originating  from  many  different  positions  in  the 
room* 

The  requirement  for  a low  volume  per  seat  value,  recommended 
at  100  to  175  ft3  in  paragraph  6*5t  unfortunately  conflicts  with 
aesthetic  aspects  aiming  at  a dignified  and  impressive  interior 
in  many  of  these  Auditoria*  For  Conference  Rooms  and  Court  Rooms, 
because  of  teir  relatively  lover  ceiling  heights,  the  achievement 
of  a volune  per  seat  figure  of  about  100  to  150  ft3  is  feasible; 
in  Parliament  Chambers,  however,  this  figure  will  often  reach 
the  350-400  ft^  value  at  capacity  attendance;  it  may  raise  to 
as  high  as  1000  ft^  in  case  of  low  attendance,  not  infrequent 
in  the  history  of  Legislative  Assemblies*  Under  such  conditions 
a very  poor  speech  intelligibility  can  be  expected* 

Seating  arrangements  will  obviously  vary  according  to  archi- 
teObOral  layout,  capacity  and  purpose  of  the  room,  however,  po- 
tential speaking  members  of  the  participating  audience  should 
face  each  other,  within  the  limits  of  possibility*  Since  semi- 
circular and  horseshoe  shaped  floor  areas  will  best  meet  this 
requirement,  attention  should  be  given  to  the  elimination  of 
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ToIom:  860,000  ft3  (24,900 
Tol.  p«r  «ttd.  «Mt:  391 

(9-4  ■J) 


floor  Plano 


© 

0 m 

Floor  area  per  audience  seat:  7*6  (0*71  n^) 

Nid-freauency  reverberation  tine:  1*35  o«o 


Ain.A  magma,  university  OF  CARACAS.  VENEZUSIA 


Figure  G.7,  Assembly  Hall  of  the  University  of  Caracas^ 
Venezuela*  C.R*  Villanuevay  architect;  Bolt, 
Beranek  and  Bevnisui,  acoustical  consultants* 
(Reprinted  from  Music,  Acoustics  and  Archi- 
tecture by  L.L*  Beranek,  John  Wiley  and  Sons, 
Rev  York,  1962). 
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Toluatt:  873,000  f t5  (24,700  «5)  , © •« 

Toliae  per  audience  seat:  278  ft'  (7»9  n^) 


noor  area  per  audience  seat:.  7.3  ft^  (0.68  n^) 
Mid-frequency  reverberation  tine:  1.75  see 
Tear  of  dedication:  1957 


JERUSALEM  COMOHESS  HALL,  TSPACT. 


Figare  a«8«  Jarosalon  Congress  Htllt  Israel*  Rediters  Zarlij 
and  Reohter»  arehiteets;  Belts  Beranek  and  Hew- 
aant  aooustioal  eonsultants*  (Reprinted  from 
Mttsies  Aeottstics  and  Arckitecture  by  L*L*  Bmntk* 
John  Viley  and  Senss  New  Torkp  1962)* 
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back— reflections  and  sound  concentrations  from  curved  boundary 
surfaces 4 

The  following  items  should  be  checked^  in  addition  to  tb.se 
dealt  v/ith  in  preceding  paragraphs,  during  the  acoustical  de- 
sign of  Conference  Rooms,  Court  Rooms,  and  Chambers  for  Local 
or  Rational  Government  (G— 5,  G-107,  G-111,  GB— 52,  GB— 53)5 

(a)  greatest  economy  in  floor  area  and  volume, 

(b)  minimum  ceiling  height, 

(c)  reflective  and  dispersive  ceiling  treatment, 

(d)  steeply  tiered  seating  and  raised  dais, 

(e)  short  R.T.  as  required  in  Auditoria  for  speech, 

(f)  soft  floor  finish,  particularly  along  the  aisles, 

(g)  fixed  and  well  absorbent  (upholstered)  seating, 

(h)  selection  of  a high  quality  speech  reinforcement  system 
if  this  is  required  by  the  room  volume, 

(i)  exclusion  of  exterior  noise,  in  view  of  the  fact  that 
these  Auditoria  are  usually  located  in  the  noisiest 
districts  of  the  city, 

(j)  achievement  of  low  background  noise  level  (see  also 
Section  M)  if  no  sound  amplification  system  will  be  used. 

If  these  Auditoria  are  provided  with  space  for  public  atten- 
dance, this  should  take  the  form  of  a secluded  seating  area 
(©•g*#  gallery),  suitably  separated  from  the  main  floor  area. 

This  public  area  should  be  treated  acoustically  as  "dead**  as 
possible  with  highly  absorbing  acoustical  finishes,  carpeted 
floors, and  upholstered  seats  (G— 108,  G— 109,  6—110,  6—111,  G— 112, 
G-113,  G-114). 

Figure  6.9  shows  the  floor  plans  of  three  Council  Chambers 
located  in  the  Conference  Building  of  the  UN  Headquarters,  in 
New  York* 

Figure  6.10  illustrates  the  floor  plan  of  the  Municipal 
Council  Chamber  in  the  City  Hall  of  Yalta,  Japan  (G-114)* 


Figure  G«9*  Plan  of  three  Council  Chamhers  in  the 
United  Nations  Building,  New  York. 

A*  Arneherg,  F«  Juhl,  and  S»  Markelius, 
architects.  (Reprinted  from  Arch*  Fo-> 
rum,  Ap*  1932)* 
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3rd  floor 

/.  assembly  hall  2.  visitors*  gallery  3,  lobby 
4»  spare  room  5.  comiuee*s  room  6.  reception  roonu 
7.  chairman*s  room  8.  office  room  9.  telephone  exchange 


Figure  G«10«  Floor  plan  of  a municipal  Council  Chamber  in 

the  Yaita  City  Hall^  Japan*  T*  Sato*  architect. 
(Reprinted  from  Japan  Arch*,  June  196^)* 
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6»4*3  Gymnasia,  Arenas,  Swimming  Pools,  Bowling  Alleys 

The  activities  taking  place  in  these  Auditoria  are  often 
serious  noise  producers;  this  will  disturb  not  only  the  partic- 
ipants and  spectators  within  the  Halls  (Gymnasia,  Swimming 
Pools,  Bowling  Alleys))but  constitute  objectionable  sources  of 
Interference  to  near-by  rooms  as  well  (G-2,  G-115)*  The  acous- 
tical finishes  used  in  these  Auditoria,  therefore,  should  serve 
two  purposes:  they  should  contribute  to  a short  R.T.,and  they 
should  reduce  at  the  same  time  the  prevailing  noise  level* 

Acoustical  finishes  installed  in  Auditoria  will  contribute 
to  noise  reduction  within  the  Auditoria  only,  and  will  not  pre- 
vent the  penetration  of  noise  Into  adjacent  areas;  the  problem 
of  noise  Insulation  must  be  resolved  independently « This  might 
be  achieved  either  by  surrounding  the  noisy  Auditorium  with 
barriers  that  will  provide  adequate  isolation  against  noise  and 
vibration  generated  in  the  Auditorium;  or  by  locating  the  noisy 
Auditorium  as  far  as  possible  from  rooms  requiring  quiet  acous- 
tical environment*  This  will  be  dealt  with  in  Section  K* 

Because  of  functional  requirements,  opposite  boundary  sur- 
faces of  these  Auditoria  are  generally  parallel,  often  giving 
rise  to  harmful  acoustical  phenomena,  such  as  excessive  rever- 
beration and  flutter  echoes*  Since  a marked  deviation  from  the 
rectangular  room  shape  is  seldom  justified  in  these  Auditoria, 
the  proper  distribution  of  sound  absorbing  materials  and  the 
abundant  application  of  surface  irregularities  (exposed  struc- 
tural elements^  recesses^  splays,  serrations,  etc*)  is  imper- 
ative (GB-21)* 

Acoustical  finishes  applied  in  some  of  the  Auditoria  clas- 
sified under  this  group  have  to  resist  mechanical  impacts  (in 
Gymnasia),  and  also  withstand  humidity  (in  Swimming  Pools)  (G-126, 
G-129,  G-I30)*  The  choice  of  acoustical  materials  in  Auditoria 
has  been  reviewed  in  paragraph  E*8* 
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Huge  arenai^type  Auditoria  are  frequently  constructed  to  be 
used  for  a vide  range  of  prograns  and  to  accomaodate  a vast  au- 
dience (G-II69  G-117f  G-123f  G-125f  Cf-131).  In  such  cases |Tariou8f 
often  conflicting^  acoustical  requirements  have  to  be  blended 
into  a single  concept 9 resulting  in  a reasonable  compromise  only 
at  best* 

Pigure  G*ll  illustrates  details  of  the  huge  Vienna  Sports 
Hallf  in  Austriay  vhich  is  used  satisfactorily  for  stage  perform- 
anceSf  skating  rink^  film  pro  jectionSf  cyoling  competitionSf 
tennis  chaiapionsh5yps  and  prize  fighting^vith  a different  seating 
arrangement  for  each  particular  program*  The  audience  capacity 
of  this  Arena  can  be  varied  between  2000  and  16,000  (G-I2I9 
6-122,  6-124,  G-127,  6-128)* 

These  huge  Auditoria  are  far  too  large  to  provide  satis- 
factory hearing  conditions  by  natural  sound*  The  installation 
of  a sound  amplification  system  that  will  produce  uniform  cover- 
age and  naturalness  in  every  part  of  the  seating  area  is  there- 
fore Indispensable* 
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Plgort  G*1I*  Tht  Vienna  Sports  Hall  with  a variable  audience 

capacity  of  2000  to  I6,000f  ecapleted  in  1938. 
lop:  ground  floor  plan,  aiddle:  croes  aeetion, 
bottom  (from  left):  the  Hall  set  up  for  cycling 
competitions,  the  Hall  transformed  into  a reg- 
ular Theater,  the  Hall  set  up  for  prise-fli^timg* 
R.  Rainer,  architect;  E.Skudrzyk  and  E.Hirsch- 
vehr,  acoustical  consultants*  (Reprinted  from 
Werk,  No*3,  1939). 
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sevier Publishing  Company,  Amsterdam,  I960,  p. 
956-958. 
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♦ G-82  Yamato  Btinkakan  Museum  (Lecture  Hall,  Japan);  arch*: 

I*  Yoshida*  Japan  Arch*,  Feb*  1961,  p*  16-31* 

♦ G-83  George  and  Florence  Wise  Auditorium  (Israel);  arch*: 

D*  Karmi,  Z*  Keizer  and  R*  Karmi*  Arch*  Des*,  Kay 
1961,  p.  203. 

♦ G-84  Wolfson  Institute  (Lecture  Halls),  Hammersmith  Hos- 

pital, London  (England);  arch*:  Lyons,  Israel  and 
Ellis*  Arch*  Des*,  Ag*  1961,  p*  344-359* 

♦ G-83  Neubauten  der  Universitat  Frankfurt  cun  Kain;  arch*: 

F*  Kramer*  Bauen  und  Wohnen,  Zurich,  Ag.  1962,  p* 
318-319. 

♦ G-86  Audio-visual  systems  for  large  group  instruction 

by  Wilke*  Arch*  Rec*,  Oct*  1962,  p*  172-175* 

G-87  Schulzimmer  der  Schafferschule  in  Wien  (contained 
in  "Handbuch  der  Schalltechnik  im  Hochbau”)  by  F* 
Bruckmayer*  Franz  Deuticke,  Vienna,  1962,  p*  661-664 

4*  G-88  Horsaalzentrum  Technische  Hochschule  Delft;  arch*: 

J*H*  van  den  Broek  and  J*B*  Bakema*  Bauen  und  Wohnen 
Zurich,  Ap*  1963,  p.  160-162* 

♦ G-89  Raumakustik  in  der  Ingenieurschule  Dim  by  H*W*  Bob- 

ran*  Bauwelt,  Vol*  54,  Ho*  22,  Jxme  3,  1963,  p.  626- 
628* 


Assembly  Halls,  Congress  Halls 

Chapters  of  books,  articles,  papers,  reports 

4>  G-90  Acoustics  and  the  requirements  of  School  Halls  by 
H*  Bagenal.  J.  RIBA,  Vol*  44,  Ap*  1937,  p.  552-555. 

♦ 6-91  Congress  Hall,  Zurich,  Switzerland;  arch*:  Haefeli, 
Koser  and  Steiger*  J-  RAIC,  Ap.  1947,  p.  124-127. 

•I*  6-92  School  Auditoriums  (contained  in  "Acoustical  De- 
signing in  Architecture")  by  V.O*  Knudsen  and  C* 

K*  Harris.  John  Wiley  and  Sons,  Hew  York,  1950, 
p*  321-325. 

^ G-93  UNESCO's  cheerful  new  home;  arch*:  M*  Breuer,  B* 
Zehrfuss  and  P*I*  Nervi*  Arch*  Forum,  Dec*  1958, 

p*  80—88* 

6-94  Le  nouveau  siege  permanent  de  1* UNESCO  a Paris; 
arch*:  H*  Breuer  and  B*  Zehrfuss*  Werk,  Vol*  46, 
May  1959,  p.  149-159. 
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4-  G-95  Auditorimn  building,  Hamburg  University;  arch*:  B* 
Hermkes.  Arch*  Rev*,  Vol*  129#  Mar*  1961,  p*  159- 
161* 

4.  G-96  Acoustics  of  the  Binyanei  Ha*0omah  Jerusalem  Cong- 
ress Hall  by  L*L*  Beranek  and  D*L*  Klepper*  J* 
Acoust*  Soc*  Am*,  Vol*  53#  Dec*  1961,  p*  I69O-I698* 

4.  g-97  Trade  Union's  congress  and  cultural  centre,  Stock- 
holm, Sweden;  arch*:  Sven  Markelius*  Arch*  Des», 

Feb.  1962,  p.  66-70. 

6-93  School  Auditorium  plauming  considerations  by  J.S* 
Sharp.  Arch*  Hec*,  Oct*  1962,  p*  165-168* 

6-99  The  Auditorium  as  instructional  space  by  A*C*  Green* 
Arch*  Rec*,  Oct*  1962,  p*  169-171* 

^ 6-100  Auditorium  de  I'lniversit^  de  Hambourg;  arch*:  B* 
Hermkes*  L'Arch*  Fr*,  Vol*  24#  Nov*-Dec*  1962#  p. 
22-25. 

6—101  Jerusalem-Binyanei  Ha'Oomah  (contained  in  "Hasic, 
Acoustics  and  Architecture”)  by  L*L*  Beranek*  John 
Wiley  and  Sons#  New  York#  1962#  p*  347-332* 

«>  6-102  Caracas  - Aula  Magna  (Venezuela)  (contained  in 
"Music#  Acoustics  and  Architecture”)  by  L*L*  Be- 
ranek* John  Wiley  and  Sons#  New  York,  1962,  p* 
387-392* 

4.  6-103  Fin  Betonbunker  wird  Kongresshalle  by  M*  Adam* 
Congress  Report  No*  M31,  Fourth  International 
Congress  on  Acoustics,  Copenhagen,  1962,  pp*  4* 

6-104  The  School  Auditorium  by  V*J*  Cavanaugh*  Sound, 

Vol.  2,  Jan*-Feb.  1963#  p*  19-27. 

6-105  Goucher  College  Center;  arch*:  P.  Belluschi*  Arch* 
Rec.#  July  1963#  p*  117-124* 


Conference  Rooms#  Court  Rooms#  Chambers  for  Local  and 
National  Government 


Articles 


6-106  Acoustics  of  Argentine  Chamber  of  Deputies*  Nature, 
Vol*  148,  July  26,  1941,  p.  109* 
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♦ G-107  legislative.  Administrative  and  Judicial  Buildings 

(contained  in  "Acoustical  Designing  in  Architecture") 
ty  V.O*  Knudsen  and  C.M,  Harris.  John  Wiley  and  Sons. 
New  York,  1950,  p.  362-365. 

♦ G-108  The  acoustics  of  the  remodeled  House  and  Senate  cham- 

bers of  the  National  Capitol  by  P.E.  Sabine.  J. 
Acoust.  Soc.  Am.,  Vol.  24,  Mar.  1952,  p.  121-124. 

♦ G-109  Iwalnimi  City  Hall  (Japan);  arch.:  T.  Sato.  Japan 

Arch.,  Oct.  1959,  p.  16-26. 

♦ G-110  Law  School  center.  University  of  Chicago;  arch.: 

E.  Saarinen  and  Assoc.  Arch.  Rec.,  Nov.  I960,  p. 
152-135. 

♦ G-llI  Die  Raumakustischen  Massnahmen  beim  Neubau  des  Ple- 

narsaals  des  Baden-Wurttembergischen  Landtages  in 
Stuttgart  by  E.  Meyer  and  H.  Kuttruff.  Acustica, 

Vol.  12,  No.  1,  1962,  p.  55-57. 

♦ G-112  Herrenhaus-Sitzungssaal  im  Parlament  in  Wien  (con- 

tained in  "Handbuch  der  Schalltechnik  im  Hochbau") 
by  F.  Bruckmayer.  Franz  Deuticke,  Vienna,  1962,  p. 
641-647. 

♦ G-115  Verhandlungssale  im  Justizpalast  in  Wien  (contained 

in  "Handbuch  der  Schalltechnik  im  Hochbau")  by  F. 
Bruckmayer.  Franz  Deuticke,  Vienna,  1962,  p.  656-657. 

♦ G-114  Yalta  City  Hall;  arch.:  T.  Sato  and  Assoc.  Japan 

Arch.,  June  1963,  p.  59-64. 


Gymnasia,  Arenas,  Swimming  Pools,  Bowling  Alleys 

Articles,  papers,  reports 

G-115  A building  for  bowling;  arch. : Tully  and  Hobbs  and 
J.R.  Diehl.  Arch.  Rec.,  Ag.  1956,  p.  148-151. 

♦ G-116  Auditorium  emd  Coliseum;  arch.:  A.G.  Odell  Jr.  and 

Assoc.  Progr.  Arch.,  Sep.  1956,  p.  111-121. 

♦ G-117  Acoustics  of  the  Rochester  (Hew  York)  War  Memorial 

Auditorium  by  B.  Olney  and  R.S.  Anderson.  J.  Acoust. 
Soc.  Am.,  Vol.  29,  Jan.  1957,  p.  94-98. 

♦ G-118  Nervi's  Olympic  dome.  Arch.  Forum,  Mar.  1958,  p. 

83-87. 

♦ G-119  Olympic  Arena;  arch.:  P.L.  Nervi.  Arch.  Rec.,  May 

1958,  p.  207-209. 
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♦ G-120  The  David  S.  Ingalls  rink;  arch,:  Saarinen  and  Seve- 

rud.  Arch.  Rec.,  Oct.  1958,  p.  152-157. 

■••  Gr-121  Die  Wiener  Stadthalle;  arch.:  R.  Rainer.  Werk,  Vol. 
46,  Mar.  1959,  p.  96-99. 

♦ G-122  Wiener  Stadthalle,  Auditorium  - Sports  Hall;  arch*: 

R.  Rainer,  Arch.  Rev.,  Vol.  127,  Ap.  I960,  p.  221- 

222. 

G-123  Sports  Palace,  Barcelona,  Spain  (contained  in  "Mod- 
ern European  Architecture");  arch.:  D.J.S.  Mauri 
and  Assoc.  Elsevier  Publishing  Co,  Amsterdam,  I960, 
p.  119-125. 

G-124  Raumakustische  Messungen  an  der  grossen  Wiener 

Stadthalle  (contained  in  "Proceedings  of  the  3rd 
International  Congress  on  Acoustics,  Stuttgart  1959”) 
by  £.  Hirschvehr.  Elsevier  Publishing  Co,  Amsterdam, 
I960,  p.  943-947. 

G-125  Acoustic  treatment  of  the  Cleveland  Public  Audit- 
oriuiQ  by  J.L.  Hunter  and  H.R.  Mull.  J.  Acoust.  Soc. 
Am.,  Vol.  33,  June  1961,  p.  760-766. 

G-126  Spritzputze  in  Schwimmhallen  by  G.  Brux.  Bauwelt, 

Vol.  53,  July  50,  1962,  p.  864-869. 

•§•  G-127  Sporthallen  (contained  in  "Handbuch  der  Schalltech- 
nik  im  Hochbau")  by  P.  Bruckmayer.  Franz  Deuticke, 
Vienna,  1962,  p.  707-719. 

♦ G-128  Stadthalle  in  V/ien  (contained  in  "Handbuch  der 

Schalltechnik  im  Hochbau")  by  F.  Bruckmayer.  Franz 
Deuticke,  Vienna,  1962,  p.  710-717. 

G-129  Schwimnihalle  des  Paracel sus-Bades  in  Salzburg  (con- 
tained in  "Handbuch  der  Schalltechnik  im  Hochbau") 
by  F.  Bruckmayer.  Franz  Deuticke,  Vienna,  1962, 
p.  717-719. 

^ G-130  Tokyo  municipal  Swimming  Pool;  arch.:  M.  Murata. 
Japan  Arch.,  June  1963,  p.  23. 

G-I31  University  of  Illinois  spectacular;  arch.:  Harrison 
and  Abramovitz.  Arch.  Rec.,  July  1963,  p.  111-116. 
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While  the  acoustical  efficiency  of  rooms  for  speech  can  be 
measured  by  objective  speech  intelligibility  tests  (G-1,  G-2,  G-3), 
the  methods  available  for  the  acoustical  evaluation  of  Auditoria 
for  music  are  mostly  subjective.  These  subjective  methods,  based 
on  the  judgement  of  individuals  (musicians,  performers,  conductors, 
music  critics  and  concert^goers),  have  been  tried  and  tested  over 
the  years  and  have  culminated  in  a rather  complete  checklist,  com- 
piled by  L«L«  Beranek,  against  which  the  musical-acoustical  quality 
of  an  Auditorium  can  be  compared  and  evaluated  with  reasonable 
accuracy  (H-6)« 

H.l  Room  acoustical  attributes  related  to  the  quality  of  music 

^helblLowing  are  the  room  acoustical  attributes  which  have  an 
effect  on  the  quality  of  music  (H-3,  H-5,  H-6,  H-7,  H-8,  H-19): 

(a)  Acoustical  intimacy  or  pra- 
se n c e • An  Auditorium  has  acoustical  intimacy  if  music 
played  in  it  gives  the  impression  ihat  it  is  being  performed  in 
an  intimate,  small  room.  Usually  it  is  not  possible,  nor 
is  it  necessary,  for  the  Auditorium  to  be  limited  to  this 
particular  size, but  only  that  it  sound  as  though  it  were 
of  this  size*  The  degree  of  acoustical  intimacy  of  an  Au- 
ditorium will  depend  on  the  initial- time-delay  gap,  i*e., 
the  time  interval  between  direct  sound  received  by  a lis- 
tener and  the  first  reflection  from  any  boundary  surface 
of  the  room*  If  the  initial- time— delay  gap  in  a room  is 
shorter  than  20  milliseconds  (20  one— thousandths  of  a 
second),  corresponding  to  a path  difference  of  23  ft,  and 
the  direct  sound  is  not  too  faint,  the  room  will  be  found 
to  be  acoustically  intimate*  Acoustical  intimacy  is  pro- 
bably the  most  outstanding  acoustical  feature  that  an  Au- 
ditorium, used  primarily  for  music,  can  possess* 
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(B)  Liveness*  An  Auditorium  will  be  live  if  it  has 
a large  volume  relative  to  its  audience  capacity,  with 
predominant  sound  reflective  enclosures*  A live  hall 
has  a relatively  long  R.T*,  particularly  at  the  middle 
and  high  frequencies,  resulting  in  a full,  sustained 
tone  at  this  frequency  range*  _ 

(C)  Warmth*  NEusic  has  the  quality  of  warmth  when  it 
has  a fullness  of  the  bass  tone  relative  to  that  of  the 
mid-frequency  and  high  frequency  tones*  This  will  be 
noticeable  when  the  reverberation  times  of  the  low  fre- 
quency sounds  (230  cps  and  below)  are  longer  than  those 
of  the  middle  and  high  frequency  sounds,  resulting  in 

a rich  bass* 

If  the  R*T*  is  adequately  controlled  over  the  entire 
audio-frequency  range,  a fullness  of  tone 
will  be  noticeable*  Excessive  fullness  of  tone  in  a room 
makes  the  sound  muddy,  blurred  and  unenjoyable* 

(D)  Loudness  of  direct  sound*  In  a 
small  Auditorium, the  audience,  even  when  located  in  the 
remotest  seats,  will  always  receive  an  adequate  amount 
of  direct  sound*  In  large  halls,  however,  the  seats  must 
be  steeply  ramped,  and  the  sotind  source  must  be  well  ele- 
vated, in  order  to  provide  a sufficient  amount  of  direct 
sound  for  the  remote  seats* 

(£)  Loudness  of  reverberant  sound* 
This  will  depend  on  two  factors:  the  intensity  of  the 
reflected  sounds  and  R*T*  (with  capacity  audience)*  There 
must  be  an  appropriate  balance  between  room  volume  and 
R*T*  in  order  to  provide  a satisfactory  loudness  for  the 
reverberant  sound  (Figure  P*3)* 
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(F)  Definition  or  clarity.  If  the  sounds 
of  the  various  musical  instruments,  played  simultaneous- 
ly in  an  orchestra,  are  easily  distinguished  and  if  every 
note  within  a rapid  passage  is  heard  separately,  the  room 
possesses  definition  or  clarity.  Good  definition  will  pre- 
vail if  (a)  a considerable  amount  of  short-time-delayed 
reflections  have  been  provided  for  (i.e.,the  hall  has  in- 
timacy) , (b)  if  the  room  has  a relatively  small  volume 
with  a short  R.T.,  a.:d  (c)  if  the  listeners  are  close  e- 
nough  to  the  sound  source  (i.e.,the  ratio  of  direct  to 
reverberant  sound  is  relatively  large). 

Definition  and  fullness  of  tone  are  normally  inverse- 
ly related,  i.e.,  a room  possessing  a high  degree  of  de- 
finition will  usually  have  a short  R.T.  and  vice  versa. 

(6)  Brilliance.  This  will  occur  when  there  is  an 
abundance  of  bright  and  clear  high  frequency  sounds.  It 
will  be  more  pronounced  if  the  room  has  a considerable 
amount  of  reflective  surfaces,  if  it  has  liveness  and  if 
the  listeners  are  close  enough  to  the  sound  source.  If 
the  Auditorium  has  acoustical  intimacy,  liveness  and  de- 
finition, it  will  certainly  have  brilliance. 

(H)  Diffusion.  If  reflected  sound  waves  approach  the 
listeners  from  every  direction  in  approximately  equal 
amounts,  diffusion  will  be  observed  in  the  room.  A re- 
latively long  R.T.  and  ample  wall  and  surface  irregular- 
ities will  promote  diffusion. 

(I)  Balance.  The  control  of  this  attribute  is  partly 
in  the  hands  of  the  conductor.  Suitably  proportioned  re- 
flective and  diffusive  surfaces  around  the  sound  source 
will  strengthen  and  improve  both  kinds  of  balance,  i.e., 
(1)  between  sections  of  the  orchestra,  and  (2)  between 
musicians  and  soloists. 


(J)  Blend*  If  musical  sounds  are  veil  mixed  together 
before  they  reach  the  listeners,  so  that  they  are  per- 
ceived as  harmonious,  the  **sending  end**  of  the  Auditorium 
has  a good  blend*  The  reflective  and  diffusive  orchestra 
enclosures  control  blend*  An  orchestra  platform  or  or- 
chestra pit  will  not  have  a good  blend  if  it  is  too 
vide* 

(K)  Ensemble*  This  is  the  capability  of  the  musicians 
and  soloists  to  perform  in  unison  so  that  the  entire  or- 
chestra sounds  as  a veil  rehearsed  and  coordinated  unit* 
Undoubtedly,  ensemble  is  controlled  primarily  by  the  con- 
ductor, however,  it  vill  also  be  enhanced  by  a veil  pro- 
portioned and  suitably  raked  stage  floor  and  also  if  the 
stage  enclosures  vill  readily  project  the  sounds  from 
one  side  of  the  platform  to  the  other* 

(L)  Immediacy  of  response  (or  at  - 
tack)*  The  quality  of  an  Auditorium  such  that  it 
responds  instantly  to  the  sounds  of  the  performers  is 
termed  as  immediacy  of  response,  or  attack*  This  vill  be 
achieved  by  the  folloving  room  acoustical  phenomena: 

(a)  the  periodical  return  of  back  reflections  from  the 
audience  area  to  the  performers;  (b)  the  projection  of 
short-delayed  first  reflections  toward  the  seating  area; 
(c)  properly  controlled  H*T*  (subsection  F*5);  (d)  good 
diffusion;  (e)  suitably  proportioned  platform  area  with 
ensemble-promoting  reflective  enclosures;  (f)  the  ab- 
sence of  echoes and  long-delayed  reflections* 

(M)  Texture*  The  pattern  of  sound  reflections  per- 
ceived by  the  listeners  in  a room,  superimposed  on  the 
general  impression  of  the  performance,  is  called  texture* 
This  is  beneficial  in  a room  if  later  sound  reflections 
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follow  unifomly  the  short-delayed  first  reflections* 

(N)  Freedom  from  echo*  The  elimination  of 
echoes  from  every  Auditorium,  discussed  in  subsection 
F*6,  is  of  unquestionable  importance* 

(O)  Freedom  from  noise*  The  elimination  or 
reduction  of  exterior  noise  (due  to  traffic,  ventilating 
or  air-conditioning  systems,  machinery,  etc*)  to  inaudi- 
bility and  the  reduction  of  interior  noise  to  an  accept- 
able minimum  is  one  of  the  most  important  requisites  of 
an  Auditorium  for  music* 

(P)  Dynamic  range*  This  is  the  spread  of  the 
audible  sounds  within  a room,  extending  from  a normal 
low  level  of  noise  created  by  the  audience  to  the  loudest 
tones  produced  by  the  orchestra*  The  loudest  sounds  should 
not  reach  a level  that  would  cause  discomfort  to  the  audi- 
tors* 

(R)  Tonal  quality*  Similar  to  a fine  musical  in- 
strument, an  Auditorium  can  also  have  a beautiful  tonal 
quality*  Considerable  damage  can  be  afflicted  upon  the 
tonal  quality  of  a room  by  the  creaking  of  doors,  rattles 
caused  by  inadequately  joined  or  fastened  surfaces,  the 
uneven  or  excessive  absorption  of  materials,  flutter  echoes, 
coloration,  etc* 

(S)  Uniformity*  Uniformity  of  sound  over  the  entire 
audience  and  performing  curea  is  one  of  the  finest  room 
acoustical  qualities  an  Auditorium  can  possess*  Rather  few 
ha?.ls  exist  which  are  entirely  devoid  of  seats  (often  en- 
tire rows)  of  poor  hearing  conditions,  relative  to  other 
seats*  Listening  conditions  oan  be  comparatively  poor  (a) 
at  the  extreme  side  seats  of  the  front  rows  in  a dispro- 
portionately wide  hall,  (b)  under  an  excessively  deep  bal- 
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cony  overhangy  and  (c)  at  locations  receiving  overly  long- 
delayed  reflections,  slap-baoks,  echoes t etc*  Absence  of 
uniformity  of  sound  can  be  particularly  noticeable  in  very 
large  Auditoria  with  an  audience  capacity  above  about  2500* 

H*2  Effect  of  room  acoustical  attributes  on  music 

Room  acoustical  attributes  exercise  a marked  influence  on  the 
various  stages  of  the  musical  process,  i*e*f  on  composition,  on  per- 
formance (production)  and  on  listening  (H-5,  H-6,  H-9,  H-12,  H-13, 
H-14,  H-15,  H-109). 

H*2*l  Effect  on  composition 

As  already  outlined  in  Section  B,  "History  of  Architectural  A- 
coustics**,  the  music  of  early  composers  was  largely  influenced  by 
the  acoustical  setting  of  the  room  in  which  their  work  was  written 
or  performed* 

Composers  of  Church  music^  throughout  the  centuries,  have 
never  failed  to  eiqploit  the  besreficial  effect  of  fullness  of  tone 
upon  their  music,  a room  acoustical  feature  characteristic  of 
Churoh  Auditoria* 

Baroque  and  classical  music  vas  scaled  to  relatively  small, 
rectangular  Halls,  Ballrooms,  or  Theaters*  These  rooms  were  of  mo- 
derate size,  they  had  reflective  enclosures  producing  a high  deg- 
ree of  acoustical  intimacy  with  short  R.T.  and  excellent  definit- 
ion, ideal  for  baroque  and  classical  music* 

Composers  of  the  Hozartian  or  European  operas  (Rossini,  Doni- 
zetti, Verdi,  etc*)  envisaged  the  Italian-type  Opera  Houses  when 
composing  their  operas  which  required  a high  degree  of  definition, 
and  a relatively  short  R*T* 

When  composers  of  the  romsuitio  period  conceived  their  sympho- 
nies and  Vagner  wrote  his  operas,  they  all  composed  for  Auditoria 
that  possessed  remarkable  intimacy,  fullness  of  tone  and  a wide 
dynamic  range  (H-6)* 
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Since  the  beginning  of  the  present  century  music  is  no  longer 
composed  in  terms  of  room  acoustical  qualities  of  existing  Halls* 

In  fact,  Auditoria  of  our  times  have  to  satisfy  an  ever  increasing 
number  of  musical-acoustical  requirements  in  order  to  provide  an 
optimum  sonic  environment  for  the  performance  of  music* 

H*2*2  Effect  on  performance 

Since  the  appreciation  of  music  can  never  be  dissociated  from 
the  acoustical  environment  of  the  room  in  which  it  is  presented, 
musicians  or  soloists  normally  find  it  desirable  to  adjust  their 
performance  to  the  acoustical  qualities  of  the  Auditorium  in  which 
they  perform*  They  are  fully  aware  that  their  success  does  not  de- 
pend solely  on  their  personal  artistic  talent  but  to  a great  extent 
on  several  positive  acoustical  features  of  the  room*  Before  selec- 
ting a tempo  for  their  performance  that  they  Interpret  as  being  in 
accordance  with  the  composer*  s intent^  they  will  have  to  check  on 
prevailing  room  acoustical  features;  such  as,  intimacy,  fullness  of 
tone,  definition,  brilliance,  diffusion,  attack,  tonal  quality, 
etc*'  (H— 16)*  Rehearsals  also  serve  the  purpose  of  familiarizing 
the  performers  with  important  musical-acoustical  qualities  of  the 
Auditorium*  These  room  acoustical  characteristics  will  reward  the 
performers  when  fully  respected,  but  they  can  foster  a failure 
when  disregarded*  Conductors  will  always  adjust  the  style  and 
technique  of  their  performance  according  to  the  acoustical  char- 
acteristics of  the  hall  in  question* 

H*2*3  Effect  on  listening 

It  remains  to  the  audience  and  the  music  critic  to  say  the  fi- 
nal word  in  accepting  or  refusing  the  work  of  a composer  or  a per- 
formance* Both  the  audience  and  the  music  critic  will  be  influ- 
enced greatly  by  the  acoustical  qualities  of  the  Auditorium  in 
their  evaluation  of  a musical  performance;  (a)  in  their  approval 
or  disapproval  of  the  music,  and  (b)  in  deciding  whether  or  not 
they  consider  the  hall  in  which  they  listened  suitable  for  the 
performance  of  music* 
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Naturally  the  selection  of  the  prograiQ  of  a concert  and  the 
number  of  performers  engaged  simultaneously  in  the  program  al- 
ways depend  on  the  basic  acoustical  attributes  of  the  hall  selec- 
ted for  the  concert*  No  conductor  would  ever  think  of  presenting, 
Bach*s  Brandenburg  Concertos  in  a highly  reverberant  Auditorium, 
or  to  interpret  Brahms  in  a **dead”  hall. 

Extensive  research  work  is  being  done  continuously  to  dis- 
cover and  evaluate  the  audience's  preferences  as  to  the  optimum 
acoustical  environment  for  listening  to  music  of  various  periods 
and  styles.  An  important  investigation  of  this  kind  was  carried 
out  by  W.  Kuhl  (J-71,  J-72).  As  a conclusion  of  his  large-scale 
tests,  competent  listeners  showed  an  almost  unanimous  preference 
for  the  following  reverberation  times  for  the  various  styles  of 
music  (at  mid-frequency): 

- for  classical  music  (e.g.,  Mozart's  Jupiter  Symphony) 
about  1.3  sec; 

- for  romantic  music  (e.g.,  Bredim's  Fourth  Symphony)  2.1  sec 
and 

- for  modem  music  (e.g.,  Stravinsky's  Le  Sacre  du  Printemps) 
about  1.3  sec. 

These  values  of  the  preferred  reverberation  times  (plotted 
in  Figure  F.3,and  shown  in  Figure  J.l)  were  not  dependent  on  the 
size  of  the  room.  Kuhl  suggested  that  the  most  favorable  compro- 
mise for  various  musical  styles  is  a R.T.  of  1.7  sec  for  rooms 
occupied  by  the  audience  and  orchestra.  The  results  of  Kuhl's 
tests  are  in  agreement  with  the  findings  of  L.L.  Beranek's  well- 
documented  study  of  34  outstanding  Auditoria  (H-6)« 

Although  the  design  of  Auditoria  is  still  based  generally  on 
tradition  (H-3),  the  reaction  of  people  to  music  provides  us 
with  important  clues  in  the  design  of  Auditoria  for  music. 
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H.3  Special  considerations  in  the  architectural-acoustical  design 
of  Auditoria  for  music 

Since  the  architectural  design  of  Auditoria  for  music  has  to 
satisfy  an  ever  increasing^  and  often  conflicting,  range  of  aes- 
thetical,  functional,  dimensional,  structural,  environmental,  mu- 
sical-acoustical, and  - last  but  not  least  - finsmcial  requirements, 
relevant  recommendations  can  be  made  only  on  a general  level*  This 
assertion  is  supported  by  the  fact  that  the  acoustical  problems  in- 
volved apply  too  often  to  Auditoria  of  unusual  size  and  shape  sel- 
dom encountered  before  (H-21,  H-64,  H-67,  H-70)# 

From  the  point  of  view  of  floor  shapes,  Auditoria  for  music 
can  be  divided  into  the  following  six  groups: 

(A)  Rectangular*  This  floor  shape  has  a remarkable  tradition* 
Cross  reflections  between  parallel  walls  contribute  to  an 
increased  fullness* of  tone  (H-22,  H-36,  H-109)  with  a 
certain  risk  of  flutter  echo  and  coloration* 

Figure  H*1  illustrates  the  Royal  Festival  Hall,  London, 
a contemporary  example  of  an  Auditorium  with  a rectangular 
shape  (H-54,  H-35,  H-38,  H-39»  H-40,  H-41,  H-42,  H-47, 

H-48,  H-49f  H-50,  H-55»  H-101,  H-113).  Other  examples 
are:  Symphony  Hall,  Boston  (H-83)5  Grosser  Musikvereins- 
saal,  Vienna  (H-88,  H-110);  Musikhochschule,  Berlin  (H-91) 
St*  Andrew’s  Hall,  Glasgow  (H-33»  H-48,  H-98);  and  Concert 
gebouw,  Amsterdam  (H-104)* 

(B)  Fan-shaped*  This  floor  shape  brings  the  audience  closer  to 
the  sound  source,  enabling  the  construction  of  balconies 
where  the  balance  is  usually  enhanced  (GB-53)*  The  curved 
rear  wall  with  a curved  balcony  front,  unless  acoustically 
treated  or  dispersive,  is  liable  to  create  long— delayed 
reflections,  echoes  or  sound  concentrations.  Acoustical 
conditions  under  the  balcony  require  special  attention* 
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figure  H.l*  Rectangular  Concert  Hall.  R.H.  HattHovy 
chief  architect;  H.  Bagonalf  aeoastieal 
cenaultantf  in  collahoration  vith  the 
Building  Rosearoh  Station,  England.  (Re- 
printed froB  Hnaio,  Aooustioa  and  Ar- 
chiteeturo  by  L.L.  Boranok,  John  Wiley 
and  SonSf  New  York,  1962}  • 


The  F«H«  Mann  Concert  Hall,  shown  in  Figure  H.2,  is  an 
example  of  a fan-shaped  hall  (H-6^,  H-103)*  Other  examples 
are:  KLeinhans  Music  Hall,  Buffalo  (H-84);  Tanglewood  Music 
Shed,  Lenox,  Mass.  (H-74,  H-88,  H-122);  and  Liederhalle, 
Stuttgart,  illustrated  in  Figure  H.9  (H-37,  H-63,  H-9^t 
H-112). 

(C)  Horseshoe  shaped.  This  is  the  traditional  shape  for  Opera 
Houses  with  rings  of  boxes  one  atop  the  other.  It  provides 
a relatively  short  H.T.,  suitable  for  the  rapid  passages 

of  the  European  opera,  but  too  short  for  orchestral  perform- 
ances. 

Figure  H.3^  illustrates  the  Academy  of  Music,  in  Phila- 
delphia,  an  example  of  the  horseshoe  shaped  hall  for  music 
(H-6).  Other  examples  are:  Teatro  alia  Scala,  Milan  (H-120» 
H-I2I9  H-137);  Carnegie  Hall,  New  York  (H-86);  Metropolitan 
Opera  House,  New  York  (H-131);  Hoyal  Opera  House  (Covent 
Garden),  London  (H-136);  and  Teatro  Colon,  Buenos  Aires 
(H-152) . 

(D)  Circular.  This  floor  shape  is  normally  associated  with  a 
dome  roof  with  excessive  height.  Unless  treated  acoustic- 
ally, the  curved  enclosures  might  create  echoes,  long-de- 
layed reflections,  and  sound  concentrations.  This  shape 
should  be  avoided  by  all  possible  means. 

The  Hoyal  Albert  Hall,  London,  gives  an  example  of  a 
circular  Auditorium,  noted  for  its  several  acoustical  de- 
ficiencies (H-26,  H-27,  H-lOO);  this  is  shown  in  Figure  H.4. 

(E)  Irregular.  This  shape  can  bring  the  audience  unusually 
close  to  the  sound  source;  it  will  secure  acoustical  in- 
timacy, definition  and  brilliance,  since  surfaces  to  produce 
short-delayed  reflections  can  be  easily  integrated  into  the 
overall  architectural  design.  The  irregulai'  layout  offers 
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Figuro  H*2«  Fan-shaped  Concert  Hall*  Z*Rochter 
and  D.Karai,  architects;  Bolty  Ber- 
anok  and  Noviaan^  acoustical  consul- 
tants* ( Loprlnted  free  NusiOf  Acous- 
tics and  Architecture  by  L*L*  Beraneky 
John  Viley  and  SonSy  Nev  Tcrky  1962). 
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Toloi«:  $33*000  ft?  (1$,080  *5) 

p«r  audience  seat:  188  ($.3  «5) 

floor  area  per  audionco  seat:  $.$  (0.$1  u^) 

llid-froquoiioy  rererberation  tiae:  1,3$  see 
Tear  of  dodieation:  18$7 


ACAOatY  OP  MUSIC^  PHILADELPHIA. 


Figure  He 3*  Horseshoe  shaped  Auditoriun  for  Busic* 
N.HeCe  LeBrun  and  6#  RungOf  architects. 
(Reprinted  froQ  Music,  Acoustics  and 
Architecture  hy  L«L#  Beranek,  John  Wiley 
sold  Sons,  Rev  York,  1962)# 
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BOYAL  ALBERT  HALL,  LONDON,  ENGLAND 


Figure  H«4*  Oval  Concert  Hall.  F*  Fovke  and 
H»Y«D.  Scott,  architects.  (Re- 
printed from  Music,  Acoustics 
and  Architecture  by  L.L*  Beranek^ 
John  Wiley  and  Sons,  Hew  York, 
1962). 


a vide  opportunity  for  the  random  distribution  of  absorb- 
ent elements  and  surface  irregularities.  The  freer  re- 
lationship between  audience  area  and  platform  offers  a 
wider  scope  in  design  and  an  increased  fulfilment  of 
several  musical— acoustical  requirements.  It  appears  that^ 
from  an  acoustical  point  of  viewy  this  floor  shape  offers 
hitherto  unexplored  advantages. 

Figure  H.3  illustrates  the  Phllhamonle,  Berlin,  a 
recent  example  of  an  irregularly  shaped  Concert  Hall  (H-30, 
H-116,  H-119). 

(F)  Combination  of  the  foregoing  shapes.  This  will  permit  the 
blending  of  the  acoustical  advantages  of  various  floor 
shapes  into  a single  design,  thus  eliminating  defect-pro- 
ducing elements* 

The  Philharmonic  Hall,  New  fork,  shown  in  Figure  H.6, 
constitutes  a mixture  of  several  floor  shapes  (H-6,  H-78, 
H-79,  H-81,  H-108,  H-117,  H-118)  * Other  examples  areSRulttu- 
uritalo,  Helsinki  (H-6);  Konserttisali,  Turku  (H-71,  H-90); 
Beethovenhalle,  Bonn,  illustrated  in  Figure  H*10  (H-65, 

H-69,  H-92);  and  Konserthus,  Gothenburg  (H-28,  H-75,  H-105). 

In  order  to  achieve  the  required  acoustical  conditions  in  Au- 
di toria  for  music,  in  addition  to  the  recommendations  outlined  in 
Section  F and  subsection  H.l,  attention  should  be  given  to  follow- 
ing points  (H-2,  H-5,  H-6,  H-109,  H-115,  GB-52) ; 

(A)  Unless  an  Auditorium  is  designed  specifically  for  a single 
musical  program  (e.g*,for  large  orchestral  performances 
only),  the  R.T.  always  has  to  be  a meticulously  estab- 
lished compromise.  A carefully  controlled  R*T.  will  (a) 
increase  the  fullness  of  tone,  (b)  promote  diffusion, 

(c)  contribute  to  blend,  and  (d)  Increase  the  dynamic 
range.  The  pure  fact  that  a hall  has  an  ideal  R.T.  at 


206 


Figaro  H#3#  Irregularly  shaped  Conoert  Hall»  the  "Phllhamoaie* 
Berlin.  Seating  oapaeity  2200y  dedicated  in  196?» 
Floor  plan,  1:  eroheetra  platfem»  2:  ehoirt  3t 
orgMi,  4t  anaie  gallery,  5t  control  roon,  ds  aky« 
li|^t|  Section,  1:  Tcetibule,  2t  noTable  podiua, 
foyer,  4t  nuelo  roone,  9t  effieee.  H.  Soharoon, 
arohiteet;  L.  Creaer,  aooaetieal  consultant*  (Re- 
printed frea  Bauen  vid  Wehnen,  Dee*  1963)* 


Flgor*  H«6«  Pkilhanioiiic  Hall^  Hew  Xork,  a ooaMnatlea 

ef  reotaagolar  and  fan-shaped  halls*  Plan 
of  first  baloonj*  M*  Abraaowitz,  arohlteot 
Bolt,  Beranek  and  Hewaany  acoustical  con- 
sultants* (Reprinted  froa  HusiCf  Acoustics 
and  Architecture  by  L*L*  Beranek^  John 
Viley  and  Sons,  Hew  fork,  1962}* 
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the  mid-frequency,  will  not  make  this  room  acoustically 
excellent  for  the  performance  of  music*  An  otherwise  too 
reverberant  space  can  be  rendered  acoustically  tolerable 
if  the  "sending  end"  of  the  room  is  so  designed  that  it 
supplies  a considerable  amount  of  direct  sounds  or  short- 
delayed  first  reflections  to  the  entire  audience  area* 

(B)  The  provision  for  an  adequate  supply  and  distribution 

of  bass  tones  over  the  audience  area  is  a serious  acous- 
tical problem  ( recently  experienced  in  Philharmonic 
Hall,  New  York}*  This  is  due  to  several  facts,  e*g*,  fun- 
damentals of  a double  bass  are  very  weak,  and  most  of 
the  time  only  their  harmonics  are  heard*  It  requires 
more  effort  by  the  performers  to  produce  low  frequency 
sounds  than  to  create  middle  or  high  frequency  sounds^ 
i*e*,low  frequency  sounds  must  be  more  powerful  than 
middle  or  high  frequencies  in  order  to  be  heard  equally 
well  by  auditors* 

(C)  The  provision  for  ample  short-delayed  reflections  is 
essential,  but  this  factor  by  itself  will  not  produce 
good  hearing  conditions  in  Auditoria  for  music* 

(D)  Definition  will  be  satisfactory  (a)  if  the  initial-time- 
delay  gap  (paragraph  H*1*A)  does  not  exceed  20  milli- 
seconds, (b)  if  the  direct  sound  is  loud  enough  relative 
to  the  reverberant  sound  (i*e*, listeners  are  reasonably 
close  to  the  sound  source),  and  (c)  if  there  is  no  echo 
in  the  hall* 

(E)  Brilliance  will  be  achieved  (a)  if  thve  R.T*  at  500  cps 
and  at  higher  frequencies  is  ideal  related  to  the  type 
of  music,  to  the  volume  and  purpose  of  the  Auditorium, 

(b)  if  the  direct  sound  is  adequately  loud,  and  (c)  if 
a high  degree  of  acoustical  intimacy  is  present* 


Brilliance  and  blend  will  be  accomplished  if  the  en- 
closures around  the  sound  source  thoroughly  blend 

and  mix  the  sounds  of  various  instruments  so  that  chords 
are  perceived  as  harmonious  by  the  listeners* 

Immediacy  of  response  will  prevail  (a)  if  sounds  are 
progressively  ref3.ected  back  from  the  audience  area  to 
the  sound  source  with  graduated  delays,  (b)  if  the  ini- 
tial-time-delay gap  is  markedly  short  in  the  room,  (c) 
if  R*T*  is  properly  controlled,  (d)  if  a high  degree  of 
diffusion  prevails,  and  ( e)  if  echoes  and  long-delayed 
reflections  have  been  eliminated  from  the  room* 

Echo  will  be  particularly  noticeable  if  the  H*T*  is  short 
and  diffusion  is  Inadequate*  The  longer  the  H*T*  in  a 
room,  the  less  trouble  is  likely  to  be  expected  from 
echo;  the  longer  R*T.  will  "cover  up"  the  single  intru- 
sions of  an  echo*  In  checking  echo-producing  spots,  it 
should  be  always  borne  in  mind  that  the  acoustical  de- 
sign of  rooms  is  a three-dimensional  problem* 

Flutter  echo  can  be  prevented  (a)  if  at  least  one  of 
the  parallel  surfaces  is  treated  with  a finish  that  is 
especially  efficient  at  the  medium  and  high  frequencies, 
and  (b)  if  parallelism  between  opposite  surfaces  is  a- 
voided* 

To  achieve  uniform  quality  of  sound  over  the  entire 
seating  area,  (a)  balconies  should  not  protrude  too 
deeply  into  the  air  space  of  the  room  (Figure  H*7), 

(b)  listeners  should  have  unobstructed  sight  lines  so 
that  they  receive  ample  direct  sound,  (c)  the  room 
should  be  of  a reasonable  size  and  proportion,  and 
(d)  curved  (concave)  enclosures  should  be  avoided* 
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Figure  H»7«  Diagrammatio  layouts  of  balconies  recoa- 
aended  for  Auditorla  for  ausic; 

(a)  in  a Concert  Hall  D should  not  exceed  B; 

(b)  in  Opera  Houaea  D should  not  exceed  2B* 

(Reprinted  froa  MusiOf  Aeouatics  and  Archi- 
tecture by  L«L«  Beraaekf  John  Wiley  and  Soast 
Hew  York^  1962) • 
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H«4  Aaditorla  for  music 
E»4«l  Concert  Halls 

There  is  no  specific  room  shape  that  can  be  considered  as 
being  ideal  for  a Concert  Hall*  At  the  present  state  of  affairs, 
the  irregular  shape  seems  to  be  the  most  promising^  as  expressed 
in  paragraph  H*3*E*  Hovever^  the  successful  integration  of  the 
various  requirements  will  certainly  necessitate  the  closest  co- 
operation between  architect^  technical  consultants  and  musical 
experts  (H-21,  H-29,  H-51f  H-32,  H-36,  H-57f  H-58,  H-59). 

huring  the  design  of  the  p 1 a t f o r m , the  following 
items  should  be  checked  (H-6^  H-21,  H-23f  H-24): 

- required  floor  area,  based  on  space  requirements  of  mu- 
sicians, their  instruments,  conductor  and  soloists; 

- eiq^ected  dimensions,  width  to  depth  relation,  raking,  etc*, 
to  secure  balance,  blend  and  ensemble  (Figure  H*8); 

- meed  for  an  occasional  orchestra  shell  with  variable  size 
and  volume; 

- stage  height  relative  to  floor  of  Auditorium; 

- relationship  to  surrounding  boundary  surfaces  in  order  to 
provide  intimacy,  definition  and  diffusion; 

- integration  of  mechanical^  electrical  and  acoustical  re* 
quirements; 

- space  and  acoustical  requirement  for  organ  installation; 

- surface  treatment  of  enclosures  around  platform,  partly  to 
reduce  unnecessary  absorption  and  partly  to  enhance  pro* 

j action  of  sound; 

- construction  of  the  platform  to  enhance  bass  radiation  and 
also  to  reduce  overpowering  sounds  of  the  percussions; 

- spatial  relationship  to  instrument  store  for  quick  and  un- 
hampered delivery  of  the  instruments  to  and  from  the  plat- 
form* 
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Figare  H*8o  Layout  of  an  orchestra  platfom  vlth.  riser 
heights  and  positions  indicated  for  the 
Instrun^nts  of  a synphonic  orchestra*  (Re* 
printed  from  Music,  Aeoustios  and  Arohiteo* 
ture  by  L*L*  Beranek,  John  Wiley  and  Sons, 
Mew  York,  1962)  • 
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The  use  of  a balcony  (or  balconies)  In  large  Concert  Halls 
Is  advantageous  because  (a)  it  brings  the  audience  closer  to 
the  platfon^  (b)  it  is  relatively  easy  tc  supply  short-delayed 
reflections  to  the  steeply  raked  seats  of  the  balconies,  and  (c) 
sound  waves  do  not  reach  the  rows  of  the  gallery  at  grazing  in- 
cidence as  they  do  on  the  aain  seating  area*  To  provide  satis- 
factory hearing  conditions  under  a balcony,  attention  is  called 
to  recoamendatlons  illustrated  in  Figure  H.7* 

Recommended  volume  per  seat  values  for  Concert  Halls  (H-76, 
H-109f  GB-52)  are: 

minimum  230  ft^ 

optimum  250  to  300  ft^ 

maximum  350  ft^ 

Figures  H*9  and  H*10  illustrate  two  German  Concert  Halls 
built  after  World  War  II* 

Table  H*1  lists  important  architectural-acoustical  data  of 
outstanding  Concert  Halls  (H-6)* 


Table  H*l*  Architectural-acoustical  data  of  out- 
standing Concert  Halls  (H-6,  H-109)* 


Naae 

y«ar  of  dedication 

volume 

ft5 

aud* 

capacity 

V per 
aud* 
seat 

mid-fr* 

R*T*(full) 

sec 

^phony  Hally  Boston;  1900 
(E-03) 

662,000 

2631 

252 

1*8 

Xan£d.ewood  Mueio  Shod, 
lenez,  Hass.;  1938 
(B-74y  H-85) 

1,500,000 

6000 

250 

2*05 

Carnegie  Hall,  Hav  fork; 

1891 

(E-86) 

857,000 

2760 

311 

1.7 

Philltsiaonlo  Hall,  lev 
lork;  1962 

(H-78,  H-79,  H-81,  B-108, 
H-116,  H-117,  H-U8) 

865,000 

2644 

327 

2*0 
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Table  H«l«  Architectural-acoustical  data  of  out- 
standing Concert  Halls  (H-6;  H-109)-eont'd« 


Heme 

year  of  dedleation 

volume 

ft3 

mud 

capacity 

V per 
and* 
seat 

aid-fr* 

R«T*(full) 

sec 

St*  Andrew's  Hall^  Glasgow; 
1877 

(H-33,  H-48,  H-98) 

369,000 

2133 

267 

1.9 

Royal  Festival  Hally 
London;  1951 
(B-20,  H-34,  H-39,  H-42y 
H-49,  H-50y  H-101) 

775,000 

3000 

258 

1.47 

BMthov«nhall9(  Boas;  19S9 
(H-69,  H-92) 

555,000 

1407 

395 

1.7 

Liederhalle,  Grosser  Saaly 

Stuttgart;  1956 

(H-57y  H-63,  H-95y  H-112) 

565yOOO 

2000 

283 

1*62 

Philhamoniey  Berlin;  1963 
(H-80y  H-ll6y  H-119) 

920y000  ♦ 

2200 

355* 

2*0 

Grosser  Musikvereinssaalf 
Vienna;  1870 
(H-88y  H-110) 

530,000 

It' jO 

315 

2*05 

Neues  Festspielhausy  Salz- 
burg; I960 
(H-87y  H-114) 

547,500 

2158 

254 

1.5 

Konserttisaliy  Turku;  1953 
(H-71,  H-90) 

340,000 

1002 

339 

1*6 

F*R*  Mann  Concert  Hally 
Tel  Aviv;  1957 
(H-62y  H-103) 

750y000 

2715 

276 

1.55 

Concertgebouwy  Ansterdan; 

1887 

(H-104) 

663,000 

2206 

301 

2*0 

Konserthusy  Gothenburg; 
1935 

(H-28y  E-73f  H-105) 

420y000 

1371 

306 

1.7 

Stadis-CasinOy  Basel;  1876 
(H-106) 

370,000 

1400 

264 

1.7 
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lolmmt  $65,000  ft5  (16,000  «5) 

0 » Tpliae  p«r  audience  scat:  283  ft?  (8«1  m?) 
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Lonipltudinai  Section 


Floor  area  per  aodienoe  soatt  7*0  ft^  (0*65 
Hld-froquonoF  roTerberation  tino:  1*62  eoc 
Tear  of  dodioation:  1956 
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Fignro  He9*  Concert  Hall  vith  an  irregoleir  fan 

shape  and  with  larel  floor*  A*  Abel 
and  R*  Gutbrod,  architects;  L«  Cromer, 
aeons tieal  consultant*  (Reprinted  firon 
Kosio,  Acoustics  and  Architecture  bp 
L*L*  Beranek,  John  Wilep  and  Sons, 
lev  York,  1962)* 
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T«1ubo:  555,340  ft’  (15,700  mh  , 

Toltoi*  p«r  kudi«iioe  *Mat:  395  ft*  (H*2  a^)  ^ 
noor  arMt  p^r  andi«&o«  sMi:  8*5  (0*79 

r«T*rb«ratloik  tiaa:  1.7  aao 
T««r  of  dodioatloa:  1959 


M 
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«BEBlH07ia»ittffy.«",  QBRimr 


Figure  H*10«  Concert  Hall  vith  an  irregular  layout 

and  with  lewel  floor.  3.  Wol8ke»  ar- 
chitect; E.  Moyar^  acoustical  eonsul- 
tant.  (Reprinted  from  MusiOy  Acoustics 
and  Arohiteotura  by  L.L.  Baranakf  John 
Viley  and  Sonsy  Haw  lorky  1962) • 
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H«4*2  Opera  Houses 

Strictly  speaking, an  Opera  House  is  the  combination  of  a 
Legitimate  Theater  and  a Concert  Hall,  consequently  the  perti- 
nent recommendations  discussed  in  paragraphs  G*4*l  and  H*4*l 
should  be  followed  (H-21)» 

The  traditional  horseshoe  shaped,  Italian- type  Opera 
House  with  its  highly  absorbent  rings  of  boxes  and  with  its  re- 
latiyely  short  R*T*  (about  1*2  seo)  still  suggests  the  best  ar- 
chitectural layout  for  Hozartian  (or  European)  Operas,  illus- 
trated in  Figure  H*ll*  The  State  Opera  of  Hamburg,  Germany,  is 
a contemporary  version  of  the  same  type  with  straightened  walls, 
illustrated  in  Figure  H*12  (H-123,  H-142)* 

The  Festival  Opera  House  at  Bayreuth,  Germany,  was  construct- 
ed to  satisfy  Wagner*  musical  style  exclusively  (Figure  H*13)* 
The  tiers  of  balconies  were  eliminated  in  this  Auditorium,  cre- 
ating a R*T*  of  seo  (with  capacity  audience),  with  high 
fullness  of  tcne  and  reduced  definition,  unsuitable  for  European 
operas  (H-I20,  H-l!^5,  H-140). 

Luring  the  design  of  the  orchestra  pit,  the  following*  items 
should  be  checked: 

- required  floor  area  based  on  space  requirements  of  musi- 
cians and  conductor; 

- expected  dimensions,  width  to  depth  relation  in  order  to 
secure  balance  within  orchestra; 

- relationship  of  pit  floor  level  to  ststge  floor  and  audience 
area  to  provide  singer-orchestra  balance  and  also  to  suit 
required  dynamic  range; 

- construction  of  floor  and  walls  to  aohieve  adequate  pro- 
jection of  sound  into  audience  area; 

- adjustability  of  pic  volume  to  suit  orchestras  of  different 
sizes* 
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T«liia«  per  audienoe  seats  160  ft^  (4*53  s^) 

mm  mmm^mmmfmmmm 


Floor  aroo  per  audience  eeat:  5*6  fi^  (0.52  *2) 
Nid'freqaency  reverberation  tiaet  1«2  see 
Tear  of  dedication:  1778»  rebuilt:  1946 


■TEATBO  AT.T.4  SCA1A».  MILAM.  ITiaT^ 


Figur*  H«2.X.  Examplm  of  tlio  traditional  horse* 

shoe  shaped  Italian  Opera  Heuse. 

6e  Plemarini,  arohiteot.  (Reprin- 
ted from  HttsiCf  Aeoustios  and  Ar* 
ehiteoture  hp  L.L*  Beranekf  John 
Wiley  and  Sons,  Rev  York,  1962)* 


Figure  H«12*  State  Opera  House,  Hamburg,  Germany,  a 

contemporary  version  of  the  Italian 
Opera  House*  Main  floor  (bottom),  1* main 
vestibule,  2:  orchestra  pit,  3:  stage  ; 
Plan  at  first  balcony  level  (above),  1: 
balcony  corridor,  3:  space  above  main 
floor,  4:  stage  tower*  G*  Veber,  archi- 
tect; 0.  Eisenberg,  acoustical  consultants 
(Reprinted  from  Architetture  Per  Lo  Spot- 
tacolo  by  R*  Aloi,  Ulrico  Hoepli,  Milano, 
1958). 
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Floor  Plans 


VACMEB*3  P£S1I?AL  OPERA  HOOSE.  BilTHEUTH,  flRnMiwr 


Figure  An  Opera  House  built  to  suit  Richard 

Vagner's  personal  musical  style* 

0.  Briickwald,  architect,  (Reprinted 
from  MusiCy  Acoustics  and  Architect 
ture  by  L.L*  Beranek,  John  Wiley  and 
Sons,  Nev  York,  1962), 
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In  the  relationship  between  audience  area  and  stage  tower, 
**coupXed  spaces”  should  be  eliminated.  The  stage  tower,  however, 
should  not  be  rendered  too  ”dead”  so  that  the  singers  will  not 
be  deprived  of  the  helpful  reverberant  environment. 

The  provision  for  an  apron  stage,  protruding  into  the  audience 
area,  is  recommended.  This  will  reduce  the  average  distance  bet* 
ween  singers  and  audience,  and  will  render  the  ceiling  reflect- 
ors more  effective  in  the  supply  of  short*delayed  reflections  to 
the  audience  (6B*33)» 

Recommended  volume  per  seat  values  for  Italian*type  Opera 
Houses  (H*^,  H*6,  H-109,  6B-32)  are: 

ninimum  140  ft^ 

optimum  150  to  180  f t^ 

maximum  200  ft^ 

Table  H.2  lists  important  architectural*acoustical  data  of 
outstanding  Opera  Houses  (H*6,  GB*52). 


Table  H.2.  Architectural-acoustical  data  of  out* 
standing  Opera  Houses  (H*6,  6B-52). 


Name 

year  of  dedication 

volume 

ft5 

and. 

capacity 

V per 
aud. 
seat 

mid-fr. 

R.T.(full) 

sec 

Academy  of  Music,  Phila- 
delphia; 1857 
(H-6) 

533,000 

2856 

188 

1.55 

Metropolitan  Opera  House, 
New  York;  1885 
(H-129) 

690,000 

5639 

183 

1.2 

Royal  Opera  House,  Iiondon; 
1858 
(H-136) 

432,500 

2180 

196 

1.1 

Festspielhaus,  B^reuth:  1876 
(H-135,  H-140) 

364,000 

1800 

202 

1.55 

leatro  Colon,  Buenos  Aires; 

1908 

(H-132) 

726,300 

2487 

261 

1.7 
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Table  H.2.  Architectural-acoustical  data  of  out- 
standing Opera  Houses  (H-6>  6B-52)-cont*d# 


Marne 

year  of  dedication 

volume 

ft5 

aud* 

capacity 

V per 
aud* 
seat 

mid-fr* 

R.T*(full) 

sec 

Staatsoper,  Vienna;  1869 
(H-133,  H-141) 

376,600 

1658 

195 

1.3 

Theatre  Rational  de  1*  Opera, 

Paris;  1873 

(H-134) 

352,000 

a31 

138 

1*1 

Teatro  alia  Seala,  Milan; 
1778 

(H-121,  H-137) 

397,000 

2289 

160 

1*2 

Staatsoper,  Hamburg;  1953 
(H-123,  H-142) 

340,000 

1650 

207 

1.25 

Staatsoper,  Cologne;  1937 

305,000 

1346 

225 

1.5 

H.4.3  Music  Rooms,  Rehearsal  Rooms 

The  acoustical  requirements  reviewed  in  Section  F,  subsec- 
tions G.3  and  3,  naturally  apply,  bearing  in  mind  that  the  a- 

chieveaent  of  the  relevant  musical  acoustical  attributes  in 
these  relatively  entail  rooms  will  be  a lot  easier  than  in  Con- 
cert Halls  or  Opera  Houses*  Suitably  shaped  room  enclosures, 
adequately  controlled  R*T*,  properly  chosen  and  well  distribu- 
ted acoustical  finishes,  and  the  required  degree  of  noise  cont- 
rol (in  both  directions  1)  will  produce  acoustically  efficient 
Music  Rooms  and  Rehearsal  Rooms  (H— 144,  H-145,  H-147,  H-148, 
H-149,  H-150,  H-151). 

If  excellent  acoustical  conditions  are  es^ected,  the  R*T* 
should  be  adjustable  to  satisfy  specific  requirements  of  the 
prevailing  sound  program  (H-143,  GB-21)* 

Acoustical  conditions  in  Rehearsal  Halls  should  simulate 
those  of  the  Auditorium  proper  with  which  they  are  functionally 
connected  (6B-43)* 
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H-46  The  Auditorium  of  the  Free  Trade  Hall  by  H.  Bagenal. 

J.  RIBA,  Vol.  59,  Mar.  1952,  p.  180-182. 

♦ H-47  Science  and  design  of  the  Royal  Festival  Hall  by 

Dr.  L.  Martin.  J.  RIBA,  Vol.  59,  Ap.  1952,  p.  196-204. 

E-48  The  reverberation  times  of  ten  British  Concert  Halls 
by  P.H.  Parkin,  W.B.  Soholes  and  A.G.  Derbyshire. 
Acustica,  Vol.  2,  No.  3,  1952,  p.,  97-100. 

H-49  The  acoustics  of  the  Royal  Festival  Hall,  London  by 
P.H.  Parkin  et  al*  Acustica,  Vol*  3,  No.  1,  1953,  p. 
1-21. 

•••  H-50  The  acoustics  of  the  Royal  Festival  Hall,  London  by 
P.H.  Parkin  et  al»  J*  Acoust.  Soc.  Am.,  Vol.  25,  Mar. 
1953,  p.  246-259. 

H-51  Concert  Hall  in  Stockholm;  arch.:  0.  Luning.  Arch. 
Rev.,  Vol.  113,  Mar.  1953,  p.  186-190. 

4*  H-52  Subjective  comparison  of  Concert  Halls  by  T.  Somer- 
ville. BBC  Quart.,  Vol.  8,  No.  2,  1953,  p.  125-128. 

<•*  H-53  Reverberation  times  of  some  Australian  Concert  Halls 
by  A.F.B.  Nickson  and  H.W.  Muncey.  Australian  J. 

Appl.  Sci*,  Vol*  4,  June  1953,  p.  186-188* 

H-54  Oberlin's  Auditorium;  arch.:  W.  Harrison,  M.  Abramo- 
vitz  and  £*  Snyder.  Arch.  Forum,  Vol*  100,  Jan.  1954, 
p.  124-129. 

4*  H-55  The  Royal  Festival  Hall  organ  by  H.  Creighton.  J. 

RIBA,  Vol.  61,  Ag.  1954,  p.  395-397. 

H-56  Raumakustische  Untersuchungen  in  zahlreichen  Kon- 
zertsaLen  und  Rundfunkstudios  unter  Anwendung  neu- 
erer  Messverfahren  by  E.  Meyer  and  R.  Thiele.  Akus- 
tische  Beihefte,  No.  2,  1956,  p.  425-444. 
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H-37  Die  akustischen  Elgenschaften  des  grossen  und  des 

mittleren  Saales  der  neuen  Liederhalle  in  Stuttgart 
by  L*  Cremer,  L*  Keidel  and  H*  Muller*  Akustische 
Beihefte,  Vol.  6,  No.  2,  1956,  p.  466-474. 

4-  H-58  Acoustics  of  large  orchestral  Studios  and  Concert 
Halls  by  T.  Somerville  and  C.L.S.  Gilford.  Proc. 
lEE,  Vol.  104,  Part  B,  1957,  p.  85-97. 

H-59  Acoustical  criteria  of  outstanding  old  and  new 

Concert  Halls  (in  German)  by  F.  V/inckel.  Frequenz, 
Vol.  12,  Feb.  1958,  p.  50-59. 

H-60  Place  des  Arts  (Montreal);  arch.:  Affleck  and 
Assoc.  Arch.  Bat.  Constr.,  Jan.>  1959,  p.  28-52. 

H-61  Acoustics  of  Severance  Hall  by  R.S.  Shankland  and 
E.A*  Flynn.  J.  Acoust.  Soc.  Am.,  Vol.  31,  July  1959 
p*  866—871. 

♦ H-62  Acoustics  of  the  Fredric  R.  Mann  Concert  Hall,  Tel 

Aviv,  Israel  by  L.L.  Beranek.  J.  Acoust.  Soc.  Am., 
Vol.  31,  July  1959,  p.  882-892. 

4'  H-63  Raumakustische  Untersuchungen  mit  neueren  Messver- 
fahren  in  der  Liederhalle  Stuttgart  by  W.  Junius. 
Acustica,  Vol.  9,  No.  4,  1959,  p.  289-303. 

4*  H-64  Reverberators.  Post-war  German  Concert  Halls  and 
Opera  Houses;  by  D.  Shoesmith  and  M*  Santiago* 

Arch.  Rev.,  Ag.-Sep.  1959,  p.  86-99. 

4»  H-65  Zur  akustischen  Gestaltung  der  neuerbauten  Beetho- 
venhalle  in  Bonn  by  E.  Meyer  and  H.  Kuttruff.  Acus- 
tica, Vol.  9,  Ho.  6,  1959,  p.  465-468. 

H-66  Reverberation  time  characteristics  of  Severance 
Hall  by  H.J.  Ormestad,  R.S.  Shankland  and  A.H. 
Benade.  J.  Acoust.  Soc.  Am.,  Vol.  32,  Mar.  I960, 
p.  371-375. 

4*  H-67  Shape  and  acoustics  in  recent  German  Concert  Halls 
by  E.  Priefert.  Arch.  Des.,  July  I960,  p.  282-288. 

♦ H-68  Kyoto  Kaikan  (Japan);  arch.:  K.  Maekawa.  Japan  Arch 

Ag.  I960,  p.  37-58. 

H-69  Hall  Beethoven,  Bonn,  Allemagne;  arch.:  S.  Wolske. 
L’Arch.  d*Au;j.,  Vol.  31,  Sep. -Oct. -Nov.  I960,  p. 
42-45. 

4*  H-70  Auditorium  acoustics  for  music  performance  by  R. 
Johnson.  Arch.  Rec.,  Dec.  I960,  p.  158-182* 
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*►  H-71  Concert  Hall,  Turku,  Pinland  (contained  in  "Modern 
European  Architecture");  arch,:  R.Y.  Luukkonen,  El- 
sevier Publishing  Co,  Amsterdaci,  I960,  p,  llC-113. 

H-72  The  building-up  process  of  sound  pulses  in  a room 

and  its  relation  to  Concert  Hall  quality  (contained 
in  "Proceedings  of  the  3rd  International  Congress 
on  Acoustics,  Stuttgart  1959”)  by  V.L.  Jordan.  El- 
sevier Publishing  Co,  Arasterdam,  I960,  p.  922-925. 

H-73  Measurement  of  reverberation  time  in  "Gbteborgs 

Konserthus"  by  S.  Berlin  and  R.  Prieberg.  Acustica, 
Vol.  11,  No.  2,  1961,  p.  119. 

H-74  Orchestra  enclosure  and  canopy  for  the  Tanglewood 
Music  Shed  by  P.K.  Johnson  et  al.  J.  Acoust.  Soc, 

Am.,  Vol.  33,  Ap.  1961,  p.  475-481. 

H-75  Gamma  Music  Center  (Japan);  arch.:  A.  Raymond. 

Japan  Arch.,  Dec.  1961,  p.  8-28. 

H-76  Optimum  acoustic  criteria  of  Concert  Halls  for  the 
performance  of  classical  music  by  P.W.  Winckel.  J. 
Acoust.  Soc.  Am.,  Vol.  34,  Jan.  1962,  p.  81-86. 

♦ H-77  Steel  Concert  Shell.  Arch.  Forum,  Ag.  1962,  p.  43. 

H-78  Philharmonic  Hall;  arch,:  M.  Abramovitz.  Arch.  Rec., 
Sep.  1962,  p.  136-139. 

♦ H-79  Acoustics  of  Philharmonic  Hall  by  L.L.  Beranek, 

Arch.  Rec.,  Sep.  1962,  p.  196-204. 

H-80  Baustelle  Berlin:  Die  Philharmonie;  arch.:  H, 

Scharoun.  Bauwelt,  Vol.  53»  Sep.  10,  1962,  p,  1033- 
1039. 

H-81  Philharmonic  Hall,  an  experiment  in  living  sound 
by  D.B.  Biesel.  Souud,  Vol.  1,  Sep, -Oct.  1962,  p. 
13-16. 

H-82  A folded  plate  shell  for  concerts  and  Kabuki  (Japsm); 
arch.:  A.  Raymond  and  L.L.  Rado.  Arch.  Rec.,  Nov. 

1962,  p.  157-162. 

♦ H-83  Boston-Symphony  Hall  (contained  in  "Music,  Acoustics 

and  Architecture")  by  L.L.  Beranek.  John  Wiley  and 
Sons,  New  York,  1962,  p.  93-98. 

♦ H-84  Buffalo  - Kleinhans  Music  Hall  (contained  in  "Music, 

Acoustics  and  Architecture")  by  L.L.  Beranek.  John 
Wiley  and  Sons,  New  York,  1962,  p.  99-103. 
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♦ H-83  Lenox,  Massachusetts  - Tanglewood  Music  Shed  (con- 

tained in  "Music,  Acoustics  and  Architecture")  by 
L*L*  Beranek*  John  Wiley  and  Sons,  Nev  York,  1962, 
p.  139-145. 

♦ H-86  New  York  - Carnegie  Hall  (contained  in  "Music, 

Acoustics  and  Architecture")  by  L*L*  Beranek*  John 
Wiley  and  Sons,  New  York,  1962,  p.  147-152. 

♦ H-87  Salzburg  - Neues  Festspielhaus  (contained  in"Music, 

Acoustics  and  Architecture")  by  L*L*  Beranek.  John 
Wiley  and  Sons,  New  York,  1962,  p.  187-192. 

H-88  Vienna  - Grosser  Musikvereinssaal  (contained  in 

"Music,  Acoustics  and  Architecture")  by  L.L.  Beranek. 
John  Wiley  and  Sons,  New  York,  1962,  p.  193-197. 

♦ H-89  Copenhagen  - Tivoli  Koncertsal  (contained  in  "Music, 

Acoustics  and  Architecture")  by  L.L.  Beranek.  John 
Wiley  and  Sons,  New  York,  1962,  p.  225-228. 

•••  H-90  Turku  - Konserttisali  (contained  in  "Music,  Acoustics 
and  Architecture")  by  L.L.  Beranek.  John  Wiley  and 
Sons,  New  York,  1962,  p.  233-236. 

♦ H-91  Berlin  - Musikhochschule  Konzertsaal  (contained  in 

"Music,  Acoustics  and  Architecture")  by  L.L.  Beranek. 
John  Wiley  and  Sons,  New  York,  1962,  p.  257-261. 

H-92  Bonn  - Beethovenhalle  (contained  in  "Music,  Acoustics 
and  Architecture")  by  L.L.  Beranek.  John  Wiley  and 
Sons,  New  York,  1962,  p.  267-271. 

H-93  Leipzig  - Neues  Gewandhaus  (contained  in  "Music, 

Acoustics  and  Architecture")  by  L.L.  Beranek.  John 
Wiley  and  Sons,  New  York,  1962,  p.  273-277. 

H-94  Munich  - Herkulessaal  (contained  in  "Music,  Acoustics 
and  Architecture")  by  L.L.  Beranek.  John  Wiley  and 
Sons,  New  York,  1962,  p.  279-283. 

-►  H-95  Stuttgart  - Liederhalle  Grosser  Saal  (contained  in 
"Music,  Acoustics  and  Architecture")  by  L.L.  Bera- 
nek. John  Wiley  and  Sons,  New  York,  1962,  p.  285-290. 

♦ H-96  Bristol  - Colston  Hall  (England)  (contained  in  "Music, 

Acoustics  and  Arc'ntecture")  by  L.L.  Beranek.  John 
Wiley  and  Sons,  New  York,  1962,  p.  291-296. 

H-97  Edinburgh  - Usher  Hall  (contained  in  "Music,  Acoustics 
and  Architecture")  by  L.L.  Beranek.  John  Wiley  and 
Sons,  New  York,  1962,  p.  297-  302. 
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H-98 


♦ H-99 


♦ H-lOO 


♦ H-101 


♦ H-102 


♦ H-103 


♦ H-I04 


♦ H-105 


I ♦ H-106 

I 

[ ♦ H-X07 

[■ 

I 

U 

P; 

I 

I 

* H-I08 


* H-109 


* H-110 


Glasgow  - St*  Andrew's  Hall  (contained  in  "MusiCy 
Acoustics  and  Architecture”)  hy  L*L*  Beranek*  John 
Wiley  and  Sons,  Hew  York,  1962,  p.  303-307. 

Liverpool  — Philharmonic  Hall  (contained  in  "Music, 
Acoustics  and  Architecture”)  by  L*L*  Beranek*  John 
Wiley  and  Sons,  Hew  York,  1962,  p*  309-314. 

London  - Royal  Albert  Hall  (contained  in  "Music, 
Acoustics  and  Architecture  ")  by  L.L*  Beranek.  John 
Wiley  and  Sons,  Hew  York,  1962,  p*  313-324* 

London  - Royal  Festival  Hall  (contained  in  ”Huslc, 
Acoustics  and  Architecture”)  by  L.L.  Beranek.  John 
Wiley  and  Sons,  Hew  York,  1962,  p.  325-333. 

Manchester  - Free  Trade  Hall  (contained  in  "Music, 
Acoustics  and  Architecture”)  by  L.L.  Beranek.  John 
Wiley  and  Sons,  Hew  York,  1962,  p.  341-345. 

Tel  Aviv  - Fredric  R.  Mann  Auditorium  (contained  in 
"Music,  Acoustics  and  Architecture")  by  L.L.  Beranek. 
John  Wiley  and  Sons,  Hew  York,  1962,  p.  353-358. 

Amsterdam  — Concertgebouw  (contained  in  "Music, 
Acoustics  and  Architecture”)  by  L.L*  Beranek.  John 
Wiley  and  Sons,  Mew  York,  1962,  p.  365-369. 

Gothenburg  - Konserthus  (contained  in  "Music,  Acous- 
tics and  Architecture")  by  L.L.  Beranek.  John  Wiley 
and  Sons,  New  York,  1962,  p.  371-374. 

Basel  — Stadt— Casino  (Switzerland)  (contained  in 
"Music,  Acoustics  and  Architecture")  by  L.L.  Beranek. 
John  Wiley  and  Sons,  Hew  York,  1962,  p.  375-378. 

La  Chaux-de-Fonds  - Salle  Musica  (Switzerland) 
(contained  in  "Music,  Acoustics  and  Architecture") 
by  L.L.  Beranek.  John  Wiley  and  Sons,  Hew  York,  1962, 
p.  379-582. 

Philharmonic  Hall,  The  Lincoln  Center  for  the  per- 
forming arts  (contained  in  "Music,  Acoustics  and 
Architecture")  by  L.L.  Beranek.  John  Wiley  and  Sons, 
Hew  York,  1962,  p.  511-540. 

Konzertsale  (contained  in  "Handbuch  der  Schalltech- 
nik  im  Hochbau")  by  F*  Bruckmayer*  Franz  Deuticke, 
Vienna,  1962,  p.  557-585. 

Grosser  Musikvereinssaal  in  Wien  (contained  in  "Hand- 
buch der  Schalltechnik  im  Hochbau")  by  F*  Bruckmayer. 
Franz  Deuticke,  Vienna,  1962,  p.  562-566. 
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♦ H-111  Grosser  Konzerthaussaal  in  Wien  (contained  in  "Hand- 

buch  der  Schalltechnik  im  Hocbbau”)  by  F*  Bruckmayer* 
Franz  Deuticke,  Vienna,  1962,  p*  366-368* 

♦ H-*112  Grossez  Saal  der  Liederhalle,  Stuttgart  (contained 

in  "Handbuch  der  Sch8d.ltechnik  im  Hochbau”)  by  F* 
Bruckmayer.  Franz  Deuticke,  Vienna,  1962,  p.  568-577. 

♦ H-113  Royal  Festival  Hall  in  London  (contained  in  "Hand— 

buch  der  Schalltechnik  im  Hochbau",  in  German)  by  F. 
Bruckmayer.  Franz  Deuticke,  Vienna,  1962,  p.  577-585. 

♦ H-114  Neues  Festspielhaus  in  Salzburg  (contained  in  "Hand- 

buch  der  Schalltechnik  im  Hochbau")  by  F.  Bmckmayer. 
Franz  Deuticke,  Vienna,  1962,  p.  611-615. 

It  .. 

H-115  Tiber  den  Einfluss  der  Deckenhohe  auf  die  KLangq[uali- 
tat  in  Konzertsalen  by  F.  Winckel.  Congress  Report 
No.  M37,  Fourth  International  Congress  on  Acoustics, 
Copenhagen,  1962,  pp.  4. 

H-116  A vale  of  two  cities  (Berlin's  Philharmonic  Hall 

and  New  York's  Philharmonic  Hall).  Arch.  Forum,  Feb. 
1963,  p.  94-99# 

H-117  Acoustics  of  the  Hew  York  Philharmonic  Hall;  letter 
by  R.S.  Shankland;  with  "Reply  to  Shankland's  letter" 
by  L.L.  Beranek.  J.  Acoust.  Soc.  Am.,  Vol.  35,  Nay 
1963,  p.  725-726. 

♦ H-118  Reflectivity  of  panel  arrays  in  Concert  Halls  by 

B.G.  Watters  et  al.  Sound,  Vol.  2,  May-June  1963, 

p.  26-30. 

♦ H-119  The  "Philharmonic " Concert  Hall,  Berlin;  arch.:  H. 

Sharoun.  Arch.  Des.,  Vol.  33,  June  1963^  P*  284-287* 

(See  also  references  1-46  to  1-76) 

Opera  Houses 

Articles,  papers,  reports 


♦ H-120  The  acoustics  of  the  Italian  Opera  House  and  the 

Wagner  Theatre  compared  by  H.  Bagenal.  J.  RIBA,  Vol. 
38,  Dec.  1930,  p.  99-103* 

H-121  Acoustical  tests  in  the  Scala  Theater  of  Milan  by 

E.  Paolini.  J.  Acoust.  Soc.  Am.,  Vol.  19,  Mar.  1947, 
p.  346-347. 

H-122  Tanglevood  Opera  House;  arch.:  E.  and  E.  Saarinen. 
Arch.  Rev.,  May  1947,  p.  163-164. 


o 
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H-125  Theatre  Lyrique  du  centre  musical  de  Berkshire; 

arch.:  E.  Saarinen,  Swanson  and  E.  Saarinen.  L'Arch. 
d»Auj.,  Vol.  20,  May  1949,  p.  19-22. 

H-124  Die  Akustik  des  Zuschaaerraumes  der  Staiatsoper  Ber* 

lin,  Untei  den  Linden  by  W.  Reichardt.  Hochfreq.  Tech. 
Elektr.  Akust.  Vol.  64,  Ap.  1956,  p.  134-144* 

♦ H-125  L* Opera  de  Hambourg  (W.  Germany);  arch.:  G*  Weber. 

L*Arch.  d*Auj.,  Vol.  28,  Ap.-May  1957,  p.  94-95. 

H-126  The  Slossberg  Music  Center;  arch.:  M.  Abramovitz. 

Arch.  Rec.,  Mar.  1959,  p.  178-179* 

H-127  Opernhaus  Essen.  Werk,  Vol.  47,  No.  9,  I960,  p.  312- 
314* 

H-128  Planungsgrundlagen  und  Ergebnisse  der  akustischen 
Ausgestaltung  des  Zuschauerraumes  der  neuen  Oper 
Leipzig  by  W.  Reichardt.  Hochfreq.  Tech.  Elektr. 
Akust.,  Vol.  70,  No.  4,  1961,  p.  119-127* 

H-129  Metropolitan  Opera  House.  Arch.  Rec.,  Sep.  1962, 
p.  140-141* 

H-130  Die  akustischen  Massnahmen  beim  Wiederaufbau  der 
Deutschen  Oper  Berlin  by  L.  Cremer,  J.  Nutsch  and 
H.I.  Zemke.  Acustica,  Vol.  12,  No.  6,  1962,  p.  428- 
432. 

-I-  H-131  New  fork  - Metropolitan  Opera  House  (contained  in 
"Music,  Acoustics  and  Architecture")  by  L.L.  Bera- 
nek.  John  Wiley  and  Sons,  New  York,  1962,  p.  159-164* 

H-132  Buenos  Aires  - Teatro  Colon  (contained  in  "Music, 
Acoustics  and  Architecture")  by  L.L.  Beranek.  John 
Wiley  and  Sons,  New  York,  1962,  p.  181-185* 

♦ H-133  Vienna  - Staatsoper  (contained  in  "Music,  Acoustics 

and  Architecture")  by  L.L.  Beranek.  John  Wiley  and 
Sons,  New  York,  1962,  p.  199-203# 

H-134  Paris  - Theatre  National  de  L* Opera  (contained  in 

"Music,  Acoustics  and  Architecture")  by  L.L.  Beranek. 
John  Wiley  and  Sons,  Hew  York,  1962,  p.  237-241* 

H-135  Bayreuth  - Pestspielhaus  (contained  in  "Music,  Acous- 
tics and  Architecture")  by  L.L.  Beranek.  John  Wiley 
and  Sons,  New  York,  1962,  p.  243-250. 

♦ H-136  London  - Royal  Opera  House  (contained  in  "Music, 

Acousti^.rf  and  Architecture")  by  L.L.  Beranek.  John 
Wiley  auid  Sons,  New  York,  1962,  p.  335-339* 


H-137  Milan  — Teatro  Alla  Scala  (contained  in  "Music, 

Acoustics  and  Architecture")  by  L*L*  Beranek*  John 
Wiley  and  Sons,  New  York,  1962,  p,  359-563, 

♦ H-138  Grosse  Theater  (Schauspiel  und  Oper)  (contained  in 
"Handbuch  der  Schalltechnik  im  Hochbau")  by  P, 
Bruckmayer,  Franz  Deuticke,  Vienna,  1962,  p.  586- 
631. 


H-139  Staatsoper  Berlin  Unter  den  Linden  (contained  in 

"Handbuch  der  Schalltechnik  im  Hochbau")  by  F,  Bruck- 
mayer. Franz  Deuticke,  Vienna,  1962,  p.  606-611, 

♦ H-140  Festspielhaus  in  Bayreuth  (contained  in  "Handbuch 

der  Schalltechnik  im  Hochbau")  by  F,  Bruckmayer, 

Franz  Deuticke,  Vienna,  1962,  p,  616-620, 

H-141  Staatsoper  in  Wien  (contained  in  "Handbuch  der 

Schalltechnik  im  Hochbau")  by  F,  Bruckmayer,  Franz 
Deuticke,  Vienna,  1962,  p,  620-622, 

♦ H-142  Staatsoper  Hamburg  (contained  in  "Handbuch  der 

Schalltechnik  im  Hochbau")  by  F,  Bruckmayer,  Franz 
Deuticke,  Vienna,  1962,  p,  622-626, 

H-143  Grosses  Haus  der  Buhnen  der  Stadt  Koln  (contained 
in  "Handbuch  der  Schalltechnik  im  Hochbau")  by  F, 
Bruckmayer,  Franz  Deuticke,  Vienna,  1962,  p,  627- 
631. 


Music  Booms,  Rehearsal  Rooms 

Articles,  papers,  reports 

♦ H-144  Acoustics  of  Music  Booms  by  V,0,  Knudsen,  J,  Acoust, 
Soc.  Am.,  Vol.  2,  Ap.  1931f  p*  434—467. 

•I*  H-145  Music  Rooms  (contained  in  "Acoustical  Designing  in 

Architecture")  by  V.O,  Knudsen  and  C.M.  Harris.  John 
Wiley  and  Sons,  New  York,  1950,  p.  342-346, 

H-146  Conservatoire  National  de  Musique,  Mexico;  arch. : 

M,  Pani.  L*Arch,  d'Auj,,  Vol,  22,  Dec,  1951f  p.  49- 
52, 

H-147  Acoustical  design:  School  of  Music,  Montana  State 
University;  arch,:  Fox  and  Balias,  Progr,  Arch,, 

Vol,  35,  Ap,  1954,  p.  118-120, 
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H—148  Comparison  of  objective  and  subjective  observations 
on  Music  Rooms  by  J,  Blankenship,  R.B,  Fitzgerald 
and  R.Nr  Lane.  J.  Acoust.  Soc.  Am.,  Vol.  27.  Jiay 
1955,  p.  774-780. 

♦ H-149  Study  of  acoustical  requirements  for  teaching  Studios 

and  Practice  Rooms  in  Music  School  buildings  by  R. 

N.  Lane  and  E.E.  Mikeska.  J.  Acoust.  Soc.  Am.,  Vol. 
27,  Nov.  1955,  p*  1087-1091. 

♦ H-150  Acoustics  of  Music  Rooms  by  V.O.  Knudsen.  Congress 

Report  No.  M27,  Fourth  International  Congress  on 
Acoustics,  Copenhagen,  1962,  pp.  4. 

♦ H— 151  Acoustics  for  School  Music  Departments  by  L.S.  Good- 

friend.  Sound,  Vol.  2,  Jan.-Feb.  1963,  p.  28-32. 
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Section  Z*  Places  of  Assembly  with  Special  Acoustical 
Requirements 

1*1  Churches 

1*2  Multi-Purpose  Auditorla,  Community  Halls 

1*3  Motion  Picture  Theaters 

1*4  Open-Air  Concert  Platforms,  Open-Air 
Theaters,  Drive-In  Theaters 
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The  Auditoria  discassed  in  preceding  Sections  are  used, with- 
out exception, for  multiple  purposes^  nevertheless » in  their  a- 
coustical  design  priority  has  to  be  given  either  to  speech 
(Section  G)  or  to  music  (Section  H)« 

This  Section  will  deal  with  Places  of  Assembly  in  which  more 
or  less  ecually  favorable  acoustical  conditions  must  be  secured 
for  both  speech  and  music  (1-1 9 I-14»  1-17)* 

1*1  Churches 

Excessive  reverberation  and  absence  of  speech  intelligibility 
are  the  main  acoustical  features  (rather  defects)  of  medieval 
Churches,  particularly  of  the  larger  ones  (1-13)  • These  acousti- 
cal characteristics  have  not  only  influenced  the  style  of  organ 
music  composed  for  the  Church, but  have  left  their  mark  on  the 
liturgical  pattern  as  well;  furthermore, the  adoption  of  poly- 
phonic choral  music,  the  chanting  of  spoken  words  and  even  per- 
haps the  use  of  an  archaic  tongue  must  have  been  associated  with 
the  highly  reverberant  conditions  prevailing  in  medieval  Church 
Auditoria  (I-l,  1-2,  1-3,  1-4,  1-18,  1-39). 

The  recent  revolution  in  Church  architecture  seems  to  attach 
growing  importance  to  improved  environmental  conditions  within 
Churches* 

Church  Auditoria  usually  consist  of  several  coupled  spaces 
(nave,  chancel,  chapel,  baptistry,  confessionals,  organ,  choir 
loft,  etc*)*In  their  acoustical  design,  therefore,  consideration 
must  be  given  to  the  acoustical  requirements  cf  these  individ- 
ual spaces  (I-l),  as  follows: 

(a)  the  chancel  area  and  the  pulpit  should  be  well  elevated 
and  surrounded  by  reflective  enclosures  to  provide  fa- 
vorable conditions  for  the  projection  of  speech  sound 
toward  the  congregation  (Pigure  I.l); 
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CHURCH,  CoHttnr,  North  CoroKiw 
A.  G.  OdtII,  Jr.  R AnoeialM,  Aidiiioeb 


Figure  I.l.  Sound  reflector  integrated  into  the  design 
of  a pulpit.  (Reprinted  from  Frogr.  Arch., 
Dec.  1959). 
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(b)  the  organ  and  choir  should  he  located  in  an  area  that 
provides  a favorable  acousticsJ^  environment  for  the  gen«* 
oration  of  music;  they  should  be  surrounded  by  reflective 
surfaces  without  creating  echoes,  flutter  echoes  or  sound 
concentrations.  The  spatial  relationship  between  organ- 
ist, organ,  choir-master  and  choir  must  be  carefully 
considered  (1-11,  I-13f  1-16,  1-18,  l-19t  1-22,  I-23f 
1-27,  1-34); 

(c)  every  sector  of  the  congregation  should  enjoy  good  lis- 
tening conditions  for  every  part  of  the  religious  serv- 
ice* Since  the  room  volume  is  always  more  than  necessary 
in  a Church  Auditorium,  the  control  of  R.T*  will  defi- 
nitely require  the  use  of  a certain  amount  of  acoustical 
finishes; 

(d)  coupled  spaces  require  individual  reverberation  control 
so  that  reverberation  conditions  in  these  spaces  will 
not  conflict  with  those  prevailing  in  the  main  body  of 
the  Church  Auditorium; 

(e)  extraordinary  care  should  be  exercised  in  the  eliminat- 
ion of  noises,  a prerequisite  to  peaceful  meditation  and 
prayer* 

Acoustics^,  problems  become  more  complicated  and  more  in- 
volved as  the  volume  of  the  Church  Auditorium  increases  (1-16, 
1-28,  1-39),  particularly  if  the  floor  shape  is  circular  or 
curved  (1-38,  1-45).  Circular  floor  shapes  generally  are  dome 
roofed,  thereby  creating  serious  acoustical  defects  (echoes, 
sound  concentrations,  long-delayed  refleotions,  uneven  distri- 
bution of  sound,  etc*)*  These  defects  can  be  eliminated  by  the 
application *of  highly  absorptive  finishes  over  the  critical 
surfaces  or  by  shielding  the  curved  enclosures  from  directly 
incident  sound  by  large  suspended  reflectors  or  diffusers 
(1-24,  1-29). 
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Figure  1.2  illustrates  the  floor  plan  of  the  well  known  cy- 
lindrical MIT  Chapel,  at  Cambridge,  Mass*  An  undulating  wall  in- 
side the  Chapel  prevents  any  focusing  of  sound, and  absorbing 
material  behind  a brick  grille  controls  reverberation;  these  de- 
tails are  shown  in  Figure  I. 5 (1-20,  1-21). 

In  the  acoustical  design  of  Churches  it  is  essential  to  con- 
sider the  nature  of  the  religious  service  for  different  denomi- 
nations because  the  optimum  R.T.  will  depend  on  whether  speech 
or  music  is  regarded  the  more  important  portion  of  the  service. 
Preference  has  to  be  given  to  the  more  Important  element  since 
it  is  not  feasible  to  provide  excellent  hearing  conditions  for 
both  speech  and  music  at  tKe  same  time.  Recommended  reverberation 
times  for  Church  Auditoria  of  various  religions  were  shown  in 
Figure  F.3  (I-l,  GB-43).  Depending  on  the  relative  importance  of 
speech  or  music  in  the  particular  religious  service  under  con- 
sideration, the  pertinent  recommendations  discussed  in  Sections 
F,  G and  H should  be  observed. 

It  la  obvious  from  Figure  F.3,«iat  asideg^exists  between  the 
optimum  R.T.  for  speech  and  for  organ.  It  will  be  difficult, 
therefore, to  decide  on  the  most  acceptable  compromise  between 
these  two  types  of  sound  program,  particularly  in  Churches  with 
special  accent  on  the  full  effectiveness  of  an  organ  Installation 
(I-ll,  1-16).  This  situation  mi^t  become  serious  in  oases  when 
room  acoustical  measures  to  be  taken  are  in  the  exclusive  bands 
of  the  organ  builder.  In  the  interest  of  an  overwhelmingly 
soaring  organ  tone,  he  will  seldom,  if  ever,  hesitate  to  re- 
commend a R.T.  that  favors  organ  music  only,  disregarding  the 
requirements  of  speech  intelligibility.  The  serious  consequences 
of  such  an  attitude  (absence  of  speech  intelligibility,  thereby 

inducing  the  congregation  to  lose  interest  in  the  sermon)  is  all 
too  woll  known. 
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Figure  I •2*  Floor  plan  of  the  oylindrlcal  MIT  Chapel ^ 
CaabrldgOy  Mass*  Undulating  wall  prevents 
focusing  of  the  sound  Inside  the  space* 
E.  Saarinen,  architect?  Bolt,  Beranek  and 
Mewman,  acoustical  consultants*  (Reprin- 
ted from  Arch*  Rec*,  Jan*  19^6)* 
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Figuiii  Acoustical  detail  of  the  sound  absorbing 
brick  ^illes  in  the  NIT  Chapel » Cambridge 
Hass*  (Reprinted  from  Arch.  Rec.»  Jan* 1956) • 
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Average  volume  per  seat  values  for  Church  Auditoria  (I-lf 
1-16,  1-23,  1-39,  1-42)  are: 

minimum  200  ft^ 

optimum  250  to  330  ft 

maximum  420  ft^« 

According  to  Northvood  (1-39),  unaided  speech  is  pos- 
sible for  well-designed  volumes  as  great  as  200,000  ft^,  but 
the  range  100,000  to  200,000  ft^  will  require  careful  use  of 
reflecting  surfaces  to  obtain  maximum  utilization  of  the  a- 
vallable  speech  power*  (See  also  Section  L,  pages  292-293)* 
figure  1*4  shows  the  floor  plan  of  the  elliptlcally  shaped 
Notre  Dame  d* Anjou  Church,  in  Ville  D* Anjou,  Quebec*  The  pulpit 
is  located  very  close  to  one  of  the  focal  points  of  the  ellipse* 
Sound  concentrations  have  been  completely  eliminated  and  rever- 
beration has  been  satisfactorily  controlled  by  the  use  of  pierced 
concrete  blocks  on  all  curved  walls  and  by  the  installation  of 
a directional  sound  system  (1-45)* 

A speech  amplification  system  should  be  so  designed,  layed 
out,  and  operated,  that  the  congregation  will  be  unaware  of  its 
exi stance*  Because  of  the  ever  increasing  number  and  intensity  of 
noise  sources  inside  and  outside  the  Church  buildings,  the  use 
of  speech  amplification  systems  is  gradually  becoming  necessary 
even  in  Churches  of  relatively  small  volumes* 

1*2  Multi-Purpose  Auditoria,  Community  Halls 

Since  this  subsection  is  concerned  with  Auditoria  serving 
the  widest  range  of  functions,  in  their  acoustical  design  the 
general  principles  given  in  Section  F,  with  additional  recommend- 
ations for  speech  and  music,  outlined  in  Sections  G and  H res- 
pectively, should  be  followed*  School  Auditorie.  end  Civic  (or 
Municipal)  Auditoria  are  typical  examples  of  halls  falling  in 
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Figurt  I«4«  Floor  plan  of  tho  elliptloally  ahaped  Hotro  Daae 
d’Aajou  Churehf  Yillo  d'Anjout  Qaobee*  Sound  con- 
centrations were  elioilnated  and  rererberatlon  was 
controlled  in  the  Chur  oh  Audi  tor  iun  by  the  use  of 
a pierced  concrete  block  wall  all  around,  and  by 
the  installation  of  a directicnal  speech  reinforce- 
sent  system*  1:  entrance,  3:  vestibule,  4:  confes- 
sionals, 5:  nave,  10  and  11:  chapels,  13:  altar, 
14:  chancel,  13:  choir,  16:  lectern,  17:  pulpit, 
19:  ory  room,  20: baptistry*  A*BIouin,  architect; 
L*L*  Doelle,  acoustical  consultant* 


this  group.  They  will  best  serve  their  diverse  use  if  the  most 
reasonable  compromise  between  optimum  acoustical  properties  for 
speech  and  for  music  Is  made  in  their  design* 

A special  acoustical  problem  is  often  created  in  Civic  Audi- 
toria  by  the  level  floor  required  for  particular  occasions;  such 
as,  conventions,  exhibitions,  bazaars,  dances,  social  gatherings, 
etc*  A level  floor  introduces  the  following  acoustical  problems: 
(a)  it  will  be  difficult  to  supply  the  audience  with  the  required 
amount  of  direct  sound  (6B*33)»  (b)  if  the  ceiling  is  reflective 
and  horizontal,  interreflections  (flutter  echoes)  might  originate 
between  floor  and  ceiling  when  the  audience  area  is  cleared  of 
chairs  (6B-33),  (c)  the  portable  chairs  usually  have,  if  at  allf 
a negligible  amount  of  upholstering,  thus  furnishing  much  less 
absorption  than  do  those  which  are  fully  upholstered  (1-46)* 

In  the  acoustical  design  of  these,  often  very  large,  Auditoria 
(a)  the  "sending  end"  should  be  elevated  as  high  as  sight  lines 
will  allow  (1-46,  GB-53);  (b)  a large  amount  of  reflective  sur- 
faces (panels)  have  to  be  located  near  the  sound  source,  and,  as 
necessary,  suspended  from  the  ceiling  to  provide  short— delayed, 
reflected  sound  energy;  these  reflective  surfaces  have  to  be 
oriented  so  as  to  secure  evenly  distributed  natural  sound  rein- 
forcement throughout  the  entire  Auditorium  (1-46,  1-47,  I-49f 
1-68,  1-70,  1-75);  (c)  the  stage  should  protrude  as  far  as  pos- 
sible into  the  audience  area  (1-46,  GB-43t  GB-53);  (d)  an  attempt 
should  be  made  to  accommodate  a raked  or  raised  portion  of  the 
floor  at  least  at  the  sides  and  at  the  rear  of  the  main  audi- 
ence area  (6B-53)9  (®)  optimum  R.T*  should  be  secured  for  one 
half  of  capacity  audience  because  a considerable  fluctuation 
has  to  be  expected  with  the  occupancy  of  these  halls  (1-46); 

(f)  the  loudspeaker,  if  used,  should  be  located  somewhat  higher 
than  it  would  be  in  an  Auditorium  with  a ramped  floor  (GB-21)* 
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For  School  Auditoria  a sound  amplification  system  will  be 
necessary  if  the  volume  is  in  excess  of  the  following  (6B-21): 
for  Elementary  Schools  : about  4O9OOO  ft^ 

for  High  Schools  t about  50,000  ft^ 

for  Colleges  and  Universities  : about  60,000  ft^» 

Figure  1*5  illustrates  the  well  known  Kresge  Auditorium  in 
Cambridge,  Mass*  (1-47,  1-70)*  Figure  1*6  shows  the  all-puz^ose 
Jubilee  Auditoria,  built  from  the  same  plans^in  Edmonton  and 
Calgary,  Alberta  (1-51,  X--33,  1-71)  • Figure  1*7  presents  the 
Place  des  Arts,  in  Montreal  (1-68)*  The  Queen  Elizabeth  Theater, 
in  Vancouver,  another  fine  example  of  Multi-Purpose  Auditoria, 
is  shown  in  Figure  G*2  (l-72)» 

1*3  Motion  Picture  Theaters 

In  the  various  types  of  Auditoria  discussed  so  far  both  the 
sound  source  and  the  audience  are  present  and  both  are  *^live”; 
in  such  Auditoria,  assuming  any  normal  sound  source,  hearing  con- 
ditions will  depend  solely  upon  the  acoustical  qualities  of  the 
room* 

In  Motion  Picture  Theaters  the  original  sound  source  is  not 
present,  it  is  only  reproduced  from  the  sound  track  of  the  film 
by  the  loudspeaker*  The  reproduced  sound,  presented  in  the  Cinema 
Auditorium,  will  contain  the  acoustical  characteristics  of  the 
Motion  Picture  Studio  where  the  particular  scene  of  the  film  was 
shot*  It  might  contain,  for  example,  the  acoustical  features  of 
a Cathedral  (with  a R*T*  of  8 sec),  or  of  a snow  field  ( an 
acoustically  "dead”  space),  as  the  case  may  be*  This  means  that 
the  sound  track  on  the  film  possesses  a "built-in”  R*T*  inde- 
pendent of  the  R*T*  of  the  Motion  Picture  Theater  in  which  the 
audience  happens  to  watch  the  movie  (1-77,  1-79,  1-94,  1-95,  1-97)# 
It  is  an  important  goal  in  the  acoustical  design  of  Motion 
Picture  Theaters  that  the  room  acoustical  effect  of  the  Cinema 
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Hubs.  £•  Saariueuy  architect;  Boltp 
Berantk  and  Meumaxit  acoustical  consul- 
tants*  (Reprinted  from  NusiCy  Aeoustios 
and  Architecture  by  L.L*  Beranekf  John 
Viley  and  Sons,  Kev  York,  1962). 


248 


Fl^re  I* 6*  Hulti-Purpose  Auditoria  in  Edmonton  and 
Calgary,  Alberta*  Design:  Public  Vprks  of 
Alberta,  B*  Clarke,  chief  architect;  acous- 
tical design  and  testing:  Division  of  Build- 
ing Research,  National  Research  Council  of 
Canada  in  collaboration  with  a design  group 
of  the  Alberta  Departsent  of  Public  Vorks* 
(Reprinted  froB  Music,  Acoustics  and  Archi- 
tecture by  L.L.  Beranek,  John  Wiley  and  Sons, 
New  York,  1962)* 
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Figure  I«7»  Miatl«-Parpos*  Auditoriuii  in  Montreal*  Stating 
capacity:  ^00.  dedicated  in  1963*  Lower  floor 
plan  (top  left}^  X:  T'^etibule,  2 and  3:  side 

loungeSf  5:  orchestra  floor , ft  orchestra  pit, 
h stage,  10:  side  stage*  Upper  floor  plan  Ctop 
ri£^t),  2 and  3s  side  lounges^  4:  balcony,  5 
and  6:  box  seats,  7:  stage  house.  Section,  1: 
Yestibttle,  3s  auditoriuttf  stage  house,  3: 
elevator  Machine  rooa.  Affleck,  Desbarats,  Di- 
nakcpcvlos,  Lebensold,  Michaud  and  Size,  ar- 
chiteots^  Bolt,  Beranek  and  Nevnan,  and  N.  J. 
Pappas  and  associates,  acoustical  consultants. 
(Reprinted  free  Can.  Arch.,  Mov.  1963)* 
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Auditorimi  ahould  be  reduced  to  a ninimum  in  order  to  preserve 
the  genuine  acoustical  environment  of  the  film  as  recorded  on 
the  sound  track  and  as  reproduced  by  the  loudspeaker  behind  the 
screen*  This  goal  vill  be  achieved  by  providing  a relatively 
short  R*T*  in  the  Cinema  Auditorium,  as  recommended  in  Figure 
F*5*  The  R«T*9  however^  should  not  be  too  short,  because  this 
would  render  the  Auditorium  "dead”,  necessitating  excessive  a- 
ooustical  power  from  the  loudspeaker  and  resulting  in  annoying 
loudness  in  the  front  and  central  seats  (1-77,  GB-32,  GB-53)* 

Favorable  hearing  conditions  will  be  achieved  in  Hotion 
Picture  Theaters  by  the  following  room  acoustical  measures,  in 
addition  to  the  previous  recommendations  outlined  in  Sections  F 
and  G (1-77,  1-79,  1-81,  1-82,  1-83,  1-84,  1-88,  1-89,  1-91,  1-94, 
1-95,  1-97,  GB-52,  GB-53): 

(a)  by  keeping  the  R*T*  as  close  as  possible  to  the  optimum 
value  (Figure  F«3); 

(b)  by  keeping  the  volume  per  seat  value  within  the  low 
110  to  150  ft^,  preferably  closer  to  the  lover  value; 

(o)  by  using  overhead  reflectors  above  the  screen  and  keeping 
the  entire  ceiling,  or  at  least  its  principal  central 
portion,  reflective; 

(d)  by  ramping  the  audience  floor  steeply  toward  the  rear  in 
order  to  provide  clear  sight  lines  for  the  entire  audience, 
thereby  providing  for  an  ample  supply  of  direct  sound; 

(e)  by  adequately  elevating  the  screen  and  the  loudspeaker  so 
that  the  entire  audience  will  be  well  covered  by  the 
sound  beam; 

(f)  by  treating  acoustically  those  boundary  surfaces  which 
are  liable  to  produce  echoes, long-delayed  reflections, 
sound  concentrations,  etc*  These  harmful  sound  reflect- 
ions are  particularly  noticeable  in  a relatively  "dead" 
room,  such  as  a Motion  Picture  Theater; 
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(g)  by  elittinating  parallelism  between  reflective  surfaces 
close  to  the  screen  and  making  the  wall  behind  the  screen 
absorbent  if  too  long—delayed  reflections  are  expected 
from  this  surface; 

(h)  by  avoiding  an  excessive  room  length  (above  about  150  ft), 
partly  to  obviate  the  need  for  excessive  acoustical  power 
of  the  loudspeaker  and  partly  to  prevent  lack  of  syn- 
chronism between  sight  and  sound  at  the  remote  seats; 

(i)  by  excluding  overly  deep  balconies; 

(j)  by  keeping  a proper  distance  between  the  screen  and  the 
first  row;  this  distance  depends  on  the  width  of  the  screen; 

(k)  by  installing  heavily  upholstered  seats  to  counteract  det- 
rimental room  acoustical  effects  of  widely  fluctuating 
audience  attendance  (the  audience  being  very  absorptive); 

(l)  by  using  an  eft,  lent  absorbent  treatment  on  the  floor  bet- 
ween the  screen  and  the  first  row  of  seats  in  order  to  pre- 
vent reflections  coming  from  directions  other  than  the 
loudspeaker* 

The  provision  for  stereophonic  sound  reproduction  in  Notion 
Picture  Theaters  can  be  expected  in  the  foreseeable  future.  This  will 
require  a particularly  meticulous  approach  to  the  acoustical  design 
of  Notion  Picture  Theaters,  affecting  room  shape,  R.T.,  distribut- 
ion of  acoustical  treatments,  layout  of  the  sound  system,  etc. 

(1-77,  1-79). 


A somewhat  higher  noise  level  can  be  tolerated  in  Motion  Pic- 
ture Theaters  than  in  other  types  of  rooms  becEOise  of  the  higher  sound 
level  produced  by  the  loudspeaker. 

The  noise  originating  from  the  projection  booth  is  often  a 
source  of  nuisance,  particularly  for  those  seated  close  to  the 
projection  booth.  The  penetration  of  this  noise  into  the  audience 
area  can  be  prevented,  as  follows  ^1-77): 
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(a)  by  treating  interior  surfaces  of  the  projection  booth  with 
efficient  sound  absorbing  and  also  fireproof  materials; 

(b)  by  using  double  glazings  in  the  projection  and  observa- 
tion portholes;  the  glass  panes  should  be  of  different 
thicknesses  and  hermetically  sealed  in  their  frames; 

(c)  by  using  a partition  wall  of  adequate  sound  insulation 
between  the  Cinema  Auditorium  and  the  projection  room 
(discussed  in  subsection  S*l)« 

Figure  1*8  illustrates  floor  plans  and  section  of  the  Alhambra 
Cinema  in  Mannheim,  West  Germany  (1-79)* 

Figure  1*9  compares  longitudinal  sections  of  three  outstanding 
European  Motion  Picture  Theaters  (GB-42). 

1.4  Open-Air  Concert  Platforms,  Open-Air  Theaters,  Drive-In 

Theaters 

Contemporary  architecture  really  cannot  boast  of  any  remarkable 
progress  in  the  design  of  Open-Air  Theaters  since  this  type  of  Au- 
ditorium was  first  built  by  the  Greeks  and  Romans,  except  that  the 
masks,  worn  by  the  ancestors  of  the  performers  in  order  to  rein- 
force their  voice  power, are  being  replaced  by  electronic  sound 
system So 

Open-Air  Theaters  are  used  equally  for  spoken  programs 
(live  stage  presentations)  and  for  musical  performances  (concerts, 
musicals,  etc.).  If  no  sound  amplification  system  is  in  operation, 
a musical  performance,  due  to  the  higher  inherent  acoustical  power 
of  the  instruments,  will  permit  a much  larger  audience  capacity 
than  a spoken  program  (1-99,  I-lOO). 

Since  the  natural  reinforcement  of  the  direct  sound  from  near- 
by reflective  surfaces  can  be  accomplished  only  to  a very  limited 
extent,  a reduction  of  about  6 dB  can  be  expected  in  the  inten- 
sity of  the  sound  every  time  the  distance  from  the  source  is 
doubled  (discussed  in  subsection  C.9)*  To  counteract  this  exces- 
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Figure  1«8«  Alhambra  Clnemat  Hannheim,  West  Germany*  Bottom 
ground  floor  plan*  Middle:  balcony  floor  plan* 
Top:  longitudinal  section*  1:  entrance » 2:  ves- 
tibule,  3s  camdy  bar^  4:  checkroom^  6:  projection 
room,  7:  exit*  P*  Bode,  architect*  (Reprinted 
from  Kinos  by  P*  Bode,  Georg  D*W*  Cadlvey,  ^unidi, 
1957). 
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Figure  Longitudinal  sections  of  outstanding  Notion 

Picture  Theaters*  Top:  Elios  Cineisaf  Genevaf 
Italy.  L.C.  Daneriy  architect*  Middle:  UFA 
Cinema,  Essen,  West  Germany*  H*  Klh.ppelberg 
and  G*  Lichtenhahn,  arohiteots*  Bottom: 
Cinema  Etoile,  Zurich,  Switzerland*  W*  Frey, 
architect*  (Reprinted  from  Architetture  Per 
L6  Spettacolo  by  R*  Aloi,  Ulrico  Eoeplif 
Milano,  1958^ 
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sive  drop  of  sound  intensity  in  the  open  air,  attention  should 
be  given  to  following  recommendations  (1-99,  I-lOO,  I-lOl,  1-104, 
1-109,  1-115,  1-114,  GB-52,  GB-55): 

(a)  the  site  should  be  carefully  selected  in  view  of  the 
effects  of  the  various  topographical  and  atmospherical 
conditions  (wind,  temperature,  etc.), and  of  exterior 
noise  sources  upon  the  propagation  of  sound; 

(b)  the  basic  shape,  size  and  capacity  of  the  seating  area 
should  be  so  determined  that  it  will  secure  satisfactory 
speech  intelligibility  throughout  the  entire  audience 
area.  The  distance  of  seats  from  sound  source  should  be 
kept  at  a reasonable  minimum,  employing  strict  economy 
in  the  layout  of  aisles  and  gangways; 

(c)  an  attempt  should  be  made  to  accommodate  the  maximum 
amount  of  reflective  surfaces  close  to  the  sound  source. 
The  use  of  a reflective  and  diffusive  enclosure  (band 
shell), that  will  direct  the  reflected  sound  waves  both 
toward  the  audience  and  back  to  the  performers, will  be 
of  great  advantage  around  the  platform  (1-105^  1-107, 
X-110,  1-112).  A paved  space  or  an  artificial  streamlet, 
or  other  reflective  surfaces,  between  stage  and  audience 
will  effectively  improve  hearing  conditions  (1-131); 

(d)  the  platform  should  be  well  elevated  and  the  seating 
area  steeply  banked,  with  increased  rake  toward  the 
rear,  to  provide  the  maximum  amount  of  direct  sound 
for  the  entire  audience; 

(e)  converging  back  reflections  to  the  platform  from  the 
backs  of  the  concentric  benches,  particularly  noticeable 
with  partially  or  totally  unoccupied  seating  area, 
should  be  eliminated; 

(f)  nearby  reflective  surfaces  of  existing  buildings  should  be 
carefully  checked  against  echoes  or  harmful  reflections. 
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Many  of  the  recommendations  contained  in  Sections  P,  G and  H 
will  also  apply  to  Open-Air  Theaters  if  followed  sensibly. 

If  audience  capacity  exceeds  about  600,  a high  quality  sound 
amplification  system  should  be  installed;  its  layout  volume 
should  be  such  that  the  audience  will  be  unaware  of  its  existenvce 
(1-77,  1-78,  1-79). 

Figure  I. 10  shows  the  plan  of  the  Open-Air  Theater  at  Red 
Hocks,  Colorado,  that  has  been  designed  with  consideration  for 
the  principles  discussed  in  this  subsection  (1—103,  GB-42). 

Figure  I.ll  presents  the  layout  of  a Drive-In  Theater  (GB-42). 
The  sound  system  applied  in  this  kind  of  Open-Air  Theater 
sets  no  limit  to  the  size  of  the  audience  area,  as  long  as  view- 
ing is  satisfactory  (1-102,  1-106,  1-108). 
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Figart  I«XO«  Open-Air  Theater  in  Red  Rocks,  Colorado* 

1:  entrance,  2:  box  office,  5:  highrodoB^ 
6:  audience  area,  7:  projection  ))ooth, 

8:  orchestra  pit,  9:  stage,  10:  rock, 

11:  access,  12:  ramp,  13:  service  yard, 
14:  rook,  13:  terrace*  B*  Hoyt,  architect* 
(Reprinted  from  Architetture  Per  Lo  Spot- 
taoolo  by  R*  Aloi,  Ulrico  Hoepli,  Milano, 
1958). 
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Figure  1*11«  Site  plan  of  a DriTO-In  Theater  in  Rone, 

Geor^^a.  1:  projection  room,  2:  soreent  3s 
oandy  bar,  4:  ticket  boZf  5s  entranecy  6s 
exit,  7:  advertising  signy  8:  lakesy  9s  hi|d^ 
way*  NoKendree,  Tucker  and  Hovelly  architects, 
(Reprinted  from  Architetture  Per  Lo  Spettacolo 
by  R,  Aloiy  Ulrica  Hoepli,  Milanoy  1938) • 
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The  design  of  rooms  used  primarily  for  microphone  pick-up 
is  a special  subject  vhich  is  governed,  in  the  main,  by  purely 
technical  aspects  (J-1,  J-2,  J-4»  J-5f  J-108,  J-112,  6B-52). 

In  addition  to  the  general  acoustical  principles  and  recom- 
mendations discussed  in  preceding  Sections,  vhich  are  equally 
applicable  to  Studio  design,  the  room  acoustical  requirements 
have  to  be  met  with  greater  precision,  and  a particularly  high 
degree  of  isolation  must  be  provided  against  extraneous  noise 
and  vibration  (J-1,  J-4»  J-29»  J-49f  J-76,  J-112).  Pertinent 
acoustical  calculations  are  applied  to  a wider  frequency  range 
than  normally,  i.e.ffrom  62  cps  usually  up  to  8000  cps  (J-49 
J-90). 

This  meticulous  approach  in  Studio  acoustics  is  necessary 
because  of  the  substitution  of  the  human  (binaural)  listener  in 
the  Studio  by  the  microphone,  a most  sensitive  electronic  instru- 
ment which  picks  up  the  sounds  in  very  much  the  same  way  as  a 
person  would  do  with  monaural  hearing.  The  microphone  will  indi- 
cate clearly  (a)  if  reverbera-tion  characteristic  is  not  optimum 
over  a wide  frequency  range,  (b)  if  diffusion  is  not  high  enough, 
(c)  If  any  acoustical  defect  such  as  echo,  room  resonance,  sound 
concentration,  etc., is  noticeable,  and  (d)  if  the  faintest  noise 
or  vibration  exists  in  a Studio  (J-1,  J-4,  J-49,  J-76,  J-90). 

J.l  Acoustical  requirements  in  Studio  design 

Studios  form  an  important  acoustic  link  between  sound  source 
and  microphone  (J-49,  J-76).  In  their  design,  therefore,  parti- 
cular attention  must  begivai  to  Ihe  following  requirements,  in  ad- 
dition to  the  recommendations  dealt  with  in  Sections  F,  G and  H: 

(a)  an  optimum  size  and  shape  of  the  Studio  must  be  estab- 
lished; 
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(b)  optimum  reverberation  characteristics  must  be  provided; 

(c)  hi^  degree  of  diffusion  must  be  secured;  and 

(d)  noises  and  vibrations  must  be  completely  eliminated* 

These  aspects  are  considered  in  following  paragraphs* 

J*l*l  Optimum  size  and  shape 

The  size  of  a Studio  is  determined  (a)  by  the  physical  space 
required  for  its  occupants,  equipment,  and  furniture,  (b)  by  the 
function  for  which  the  room  is  to  be  used,  and  (c)  by  acoustical 
requirements  (J-1,  J-2,  J-4,  J-12,  J-23,  J-29,  J-40,  J-47,  J-49> 
J-52,  J-56,  J-66,  J-67,  J-69,  J-76,  J-88,  J-90,  J-108,  J-112). 

The  smallest  dimension  should  be  not  less  than  about  8 ft* 

A Studio  of  minimum  size  should  be  acoustically  "dead**  down  to 
the  lowest  frequency  in  order  to  avoid  the  harmful  effects  of  room 
resonance  (subsection  D*6)« 

In  establishing  the  necessary  floor  area  for  a Music  Studio, 
even  though  a sin^e  instrumentalist  occupies  only  about  6 to 
10  ft^  net  floor  area,  it  will  be  found  that  a total  average  of 
about  15  to  20  ft^  floor  space  is  required  for  each  musician  in 
a small  Music  Studio  and  about  20  to  40  ft^  floor  space  in  a 
large  Studio.  The  extra  space  is  taken  up  by  circulation,  music 
stands  and  by  microphone  placing*  An  average  floor  area  of  4 to 
6 ft^  is  required  for  singers  depending  on  whether  they  are 
standing  or  seated*  If  audience  "participation”  is  required  in 
the  Studio,  a separate  floor  area  must  be  set  aside  for  audi- 
ence seating*  Table  J*1  shows  minimum  volumes  of  Music  Studios 
required  by  the  BBC  (J-4,  J-112)* 
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Table  J«l«  Minimum  volumes  for  Music  Studios 
required  by  the  BBC 


No.  of  performers 

Minimum  Studio 
volume f ft3 

Volume  per 
performer^  ft^ 

4. 

1,500 

575 

8 

4,000 

500 

16 

12,000 

750 

32 

30,000 

940 

64 

82,000 

1280 

128 

220,000 

1720 

The  adoption  of  specific  room  proportions  will  contribute 
to  a relatively  uniform  distribution  of  the  normal  modes  at  the 
lover  end  of  the  audio-frequency  range  so  that  no  objectionable 
grouping  of  the  resonant  frequencies  vill  occur  (J-lf  J-4#  J-17» 
J-29,  J-55,  J-41,  J-49f  J-55,  J-T6,  J-77r  J-86,  J-88,  J-92f  J-108 
GB-52) • 

There  are  no  room  proportions  that  are  universally  recommend- 
ed as  optimum  (discussed  in  subsections  D«6  and  For  rec- 

temgular  Studios  the  following  room  proportions  are  generally 
advocated  (J-1,  J-4.  J-112,  GB-92): 


hel^t  : 

width  : 

length 

small  Studios 

1 

1*25 

1.60 

medium  size  Studios 

1 

X.50 

2.50 

Studios  with  relatively 
low  celling 

1 

2.50 

3.20 

Studios  with  excessive 
length  relative  to 
their  width 

1 

1.25 

3.20 
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It  must  be  stressed  that  the  significance  of  room  propor- 
tions in  Studio  acoustics  diminish  if  the  following  conditions 
are  fulfilled;  (a)  the  Studio  has  a floor  shape  other  than  rec- 
tangular, (b)  ideal  reverberation  characteristics  have  been  a- 
chieved,  (c)  acoustical  finishes  are  evenly  distributed,  (d)  a 
high  degree  of  diffusion  has  been  provided,  and  (e)  the  volume 
of  the  Studio  is  above  about  25,000  ft^» 

Boundary  surfaces  must  be  carefully  checked  against  echoes, 
flutter  echoes,  and  sound  concentrations*  Parallel  surfaces  must 
be  eliminated  (particularly  in  medium  and  large  size  Studios), 
or  treated  with  acoustical  materials  highly  absorptive  through- 
out the  frequency  range  between  62  and  8000  cps  (J-1,  J-49}* 

J«l*2  Optimum  reverberation  characteristics 

Optimum  reverberation  times  for  Studios  are  generally  short- 
er than  those  for  Auditorla  in  which  the  sound  program  is  per- 
ceived by  binaural  listeners  (J-1,  J-4»  J-29,  J-74,  J-76). 

Figure  J.l  shows  preferred  ranges  of  optimum  reverberation 
tines  vs.  frequency  for  small,  medium  and  large  Studios,  re- 
commended by  L.L.  Beranek  (J-76),  and  based  partly  on  the  studies 
of  ¥•  Kuhl  (J-71,  J-72).  The  shaded  areas  indicate  the  toleran- 
ces that  may  be  permitted  without  causing  noticeable  differences 
to  listeners  in  the  quality  of  speech  or  music  broadcasted.  These 
R.T.  values  are  In  agreement  with  those  previously  shown  in 
Figure  F.3* 

An  optimum  R.T.  for  a Studio  is  of  vital  importance  to  the 
final  quality  of  sound;  however,  the  apparent  reverberation  of 
a Studio,  as  eventually  perceived  by  the  listener,  will  depend 
also  (a)  on  the  pick-up  technlquo  (distance  between  sound  source 
and  microphone,  number  of  microphones  used  simultaneously,  etc.), 
and  (b)  on  the  quality  of  the  microphone  and  in  particular  on 
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% 


FREQUENCY  IN  CPS 


.Figure  J*l«  Rfooai&endad  reverberation  time  curves  for 

Studios  based  on  L«L*  Beranek's  experience 
and  on  studies  of  V*  Kuhl*  (Reprinted  from 
J.  SNPTE,  Oct,  1955)0 
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its  directional  characteristics  (J-1,  J-4,  J-7,  J-23»  J-29)* 

The  acoustical  characteristics  of  the  room  in  which  the  broad- 
casted or  recorded  sound  is  received  or  reproduced  will  also 
add  to  the  apparent  reverberation  time  (J-d?  J-29)» 

It  is  essential  that  acoustical  treatments^  as  required  by 
reverberation  calculations^  should  be  imifomily  and  proportion- 
ately distributed  over  the  three  pairs  of  opposite  enclosures 
of  the  Studio,  except  that  low  frequency  absorbers  should  be  in 
greater  proportion  on  the  end  walls,  l.e*,  those  furthest  apart 
(J-90).  These  recommendations  are  particularly  important  for 
small  Studios* 

Host  broadcasting  organizations  prefer  to  have  the  acoustic- 
al treatments,  wherever  possible,  installed  in  a manner  that  will 
allow  temporary  removal  of  the  exposed  finish  treatment  for  later 
adjustment  (tuning)  if  required*  For  the  choice  of  suitable  acous- 
tical materials  see  subsection  F*8* 

Frequently  Broadcasting  and  Recording  Studios  must  be  used 
for  differeni:  programs,  thereby  requiring  the  provision  for  var- 
iable reverb fjrati on  conditions,  which  can  be  achieved  as  follows: 

(a)  by  variable  absorbers  on  wall  or  ceiling  surfaces;  such 
asf hinged  or  sliding  panels,  rotatable  cylinders,  ad- 
justable drapery,  etc*  (as  outlined  in  subsection  £*5 
(J-22); 

(b)  by  portable  acoustic  screens  (’'flats"); 

(c)  by  the  use  of  a reverberation  chamber  (J-4);  and 

(d)  by  a special  mechanism  that  controls  the  H*T*  electron- 
ically and  is  operated  in  the  Control  Room  (J-1,  J-4)* 

J*l*3  Diffusion 

The  provision  for  a high  degree  of  diffusion  (discussed  in 
subsections  D*4  and  F*4)  is  of  vital  Importance  In  Studio  ck 
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coustlcs*  With  good  diffusion  the  numher  of  those  positions  at 
which  noticeable  sound  pressure  variations  occur  are  consider- 
ably reduced  so  that  the  microphone  can  be  placed  confidently 
in  any  convenient  position  of  the  room  (J-I9  J-4#  J-499  J*76); 
in  addition^  a better  balance  between  performers  will  be  ob- 
tained (J-2S). 

Diffusion  will  be  achieved  (J-8,  J-20,  J-23t  J-68): 

(a)  by  the  use  of  surface  irregularities  which  project  bold- 
ly into  the  air  space  of  the  Studio  (e«g«9  eylindricalf 
spherical 9 prismatic  or  other  irregular  protuberances)* 
The  minimum  projection  of  these  surface  irregularities 
must  be  about  one-seventh  of  the  wavelen/fth  of  the  sound 
to  be  diffused9  i*e*9  for  sounds  down  to  100  cps  the  pro- 
jection must  be  at  least  18"  (J-4t  J-2O9  J-90); 

(b)  by  the  alternate  application  of  reflective  and  absorp- 
tive treatments; 

(e)  by  random9  non-symmetrical  distribution  of  the  various 
types  of  acoustical  treatments  (J-I9  J-4*  J-299  J*499 
J-76);  and 

(d)  by  the  elimination  of  parallelism  between  opposite  sur- 
faces (J-499  J-769  J-90)* 

Surface  treatments  or  irregularities  which  are  acoustically 
efficient  but  aesthetically  lacking  can  always  be  hidden  behind 
acoustically  transparent  grilles9  such  as  perforated  board9  metal 
mesh9  slats9  etc*  (J-112)* 

J*l*4  Noise  control 

This  most  important  aspect  of  Studio  acoustics  is  covered 
in  subsection  S*2  (J-I9  J-*49  J-II9  J*12,  J-29t  J-4O9  J-479  J-499 
J-569  J-769  J-88,  J-969  J-1129  J-129,  J-134f  J-1359  GB-52)* 


J»2  Radio  Studios 


The  follo%ring  room  elements  must  be  integrated  functionally 
and  aesthetically  into  the  arch! tectural^acousti cal  design  of 
Radio  Studios  (J-54,  J-59,  J-73,  J-85f  J-84,  J-87f  J-94,  J-102, 
J-105,  J-104,  J-106,  J-107): 

(a)  acoustical  treatments  and  surface  finishes  to  produce 
the  required  R«T»; 

(b)  mechanical  and  electrical  fixtures;  such  aSfgrilleSy 
lighting  fixtures,  speakers,  statuslights,  flicklights, 
clock,  wiremoulds,  outlets,  etc*; 

(c)  seating,  furniture^  and  permanently  installed  or  portable 
equipment,  as  required  to  achieve  the  desired  sound  ef- 
fect; such  as, acoustic  screens,  turntables,  sound  effect 
equipment,  etc* 

Studios  used  for  broadcasting  purposes  can  be  divided,  quite 
arbitrarily,  into  the  following  types: 

(a)  Announce  Booth*  This  is  the  smallest  Studio,  normally 
associated  with  a larger  one*  It  is  used  for  newscasts, 
narrations,  commentaries,  etc*  It  has  a floor  aiea  of  up 
to  about  150  ft^  (J-86).  It  is  visually  linked  with  the 
associated  Studio  by  a large  sound  insulating  observation 
window  (discussed  in  paragraph  R*3*3)* 

(B)  Talk  Studio*  It  is  used  primarily  for  newscasts,  panel 
discussions,  addresses,  talks, and  sometimes  for  recitals* 
It  has  a floor  area  of  up  to  about  300  ft^* 

Particular  care  should  be  taken  to  avoid  excessive 
low  frequency  reverberation  or  low  frequency  resonance 
in  Announce  Booths  or  Talk  Studios;  this  can  be  accom- 
plished by  the  use  of  effioient  low  frequency  absorbers 
(J-29,  J-58,  J-61). 
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(C)  Drama  Studio.  Its  floor  area  covers  from  about  600 

to  1500  ft^y  sometimes  divided  into  twoi  parts  of  oon- 
trastlng  acoustics  by  the  use  of  moveable  enclosures 
(folding  panels  or  doorsy  curtainSy  etc.)* 

(D)  Versatile  Studio.  Its  floor  area  varies  between  about 
1300  and  4000  ft^.  It  is  used  equally  for  the  spoken 
word  and  for  musical  presentations  (J-13)*  Figure  J.2 
illustrates  a Versatile  Studio  built  in  Lausanney 
Switzerland. 

(E)  Audience  Studio.  Used  for  broadcasting  the  programs 
of  symphonic  orchestras  and  choirs  (J-43)y  this  large 
Studio  iSy  in  facty  a regular  Concert  Hall;  consequent- 
ly y the  acoustical  requirements  and  design  principles 
discussed  in  Section  Hy  **Acoustical  Design  of  Rooms 
for  Music"  should  be  strictly  stdhered  to  (J-81y  J—llOy 
J-llly  J-113y  J-115).  Besides  other  technical,  roomsy 

a Control  Room  and  an  Announce  Booth  are  normally  lo- 
cated adjacent  to  the  Audience  Studio,  linked  to  one 
another  by  large  sound  insulating  windows.  The  use  of 
a sound  amplification  system  is  usually  required  to 
provide  adequate  sound  coverage  for  the  audience  (J— ly 
J-4y  J-29). 

Table  J.2  lists  important  architectural-acoustical  data  of 
outstanding  Audience  Studios  (H-6,  J-3,  J-21y  J-31f  J-41#  J-60, 
J-95f  J-95,  J-112f  J-114). 
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Figure  7«2»  Versatile  StudiOf  Lausaxmey  Switzer- 
land. V.  Forrery  acoustical  consul- 
tant* (Reprinted  froa  J.  SNPTE.  Oot* 
1955). 
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Table  J*2*  Arch! tectural-acottst leal  data  of  out- 
standing Audience  Studios 


Hame  and 

year  of  dedication 

Volume 

ft? 

aud* 

capacity 
if  any 

mid-fr* 
R*T*  (full) 
sec 

Audience  Studio,  Radio  Free 
Berlin;  1959 
(a-6,  J-111,  J-114) 

455,700 

1120 

1*95 

Audience  Studio f Copenhagen 
Broadcasting  House;  1943 
(H-6,  J-21t  J-31f  J-110) 

420,000 

1093 

1*50 

Audience  Studio f North  German 
Radio*  Hanover;  I963 
(J-60) 

550,000 

1350 

1*70® 

Audience  Studio f Radio 
Austriaf  Vienna;  1936 
(J-112) 

200,000 

390 

1*50 

Audience  Studio,  Stuttgart; 

1959 

(J-112) 

160,000 

350 

1*20 

Audience  Studio,  Baden-Baden; 

1950 

(J-112) 

230,000 

380 

1*30 

New  Mutual-Bon  lee  Radio 
Studio,  Hollywood;  1948 
(J-41) 

170,000 

350 

1.5 

Audience  Studio,  Cologne 
Broadcasting  House;  1933 
U-3,  J-95) 

240,000 

720* 

1*70 

^ estimated  figures 


Figure  illustrates  the  fan-shaped  Audience  Studio  of  the 
Copenhagen  Broadcasting  House  (H-6,  J-21»  J-31,  J-110)  • A large 
number  of  Helmholtz  resonatorSf  made  of  plaster^  and  tuned  to 
various  frequencies  below  100  cps^  are  distributed  above  the  un- 
dulating ceiling  of  this  large  Studio  (J-49)* 

Figure  J*4  illustrates  the  Audience  Studio  of  the  Horth  6er- 


man  Radio  in  Hanover* 
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Toluat:  420,000  (U,890  a?)  , , 

Toluat  per  audienot  seat:  584  ft*  (10«9  •*) 
floor  area  per  audienoe  aeat:  8*0  ft«  (0«74  >^) 
Hld-ftreqaenof  reverberation  tine:  1*5  aee 
Tear  of  dedioation:  1945 


AUDIBMCg  STUDIO.  CQPfiHHAQBM  BHOADCAatlMQ  HOPaB,  DgMUMC 


.3.  Aodienea  StuAiOt  Cep»nh8««ii»  Oanaeiric. 
T.  Laurltzeiif  architect;  T«I»  Jordaay 
acoustical  consul teat.  (Reprinted  Ora 
Music,  Aoottstios  and  Architecture  hy 
L.Ii.  Boraaek,  John  Wiley  and  Sons,  Nev 
York,  1962). 
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Figort  J»4*  Audience  Studio  of  the  North  German  Radio » 
HanoTer*  Plan,  I:  baloony,  2:  stairways  $ 

3s  Studio,  4s  orchestra  platform,  3s  in- 
strument store)  Seetion,  Is  corered  ent- 
rance, 2s  yestibule,  3#4s  foyer  and  cloak- 
rooms, 3s  terraeoi  6s  balcony , 7s  StudiOf 
8s  orchestra  platform,  10:  low  frequeney 
absorber,  13s  steel  truss,  14s  reflective 
panels,  13:  oatvalk,  16:  lighting  fixtures 
17:  wood  paneled  vail*  F*W«  Kraemer  and 
Ass*,  arohiteets)  W*Kuhl,  acousticad  con- 
sultant* (Reprinted  from  Bauen  und  Vohnen, 
Nev*  1963). 
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Radio  Studios  of  various  sizes  are  sometimes  grouped  into 
** suites"  for  special  programs  or  purposes  (J-4);  such  as, mixer 
suites,  continuity  suites,  etc* 

Figure  J *3  shows  the  plan  of  Ihe  Oslo  Radio  House,  containing 
all  the  types  of  Radio  Studios  listed  in  this  subsection*  The  Au- 
dience Studio  seats  200  listeners*  Parallelism  between  opposite 
enclosures  has  been  consistently  eliminated  in  all  of  the  Studios 
this  is  a typical  feature  in  the  design  of  Scandinavian  Radio 
Studios  (J-32,  J-49,  J-70). 

J*3  Television  Studios 

Acoustical  conditions  in  Television  Studios  are  not  as  crit- 
ical as  those  in  Radio  Studios  because  the  large  amount  of  set- 
tings, scenery,  properties,  a^id  decor,  installed  for  the  duration 
of  a program,  will  change  the  original  sonic  environment  of  the 
Studio  anyway  (J-4,  J-51,  J-66,  J-91,  J-101,  J-105). 

Acoustical  conditions  are  basically  "dead**  in  a Television 
Studio  (J-64);  reverberation,  if  necessary,  will  be  increased 
by  the  use  of  (a)  appropriate  settings,  and  properties,  (b)  move- 
able  (portable)  acoustical  screens,  and  (o)  artificial  reverbe- 
ration* If  more  reverberant  acoustical  conditions  are  required 
for  the  sake  of  the  performers  themselves,  the  portion  of  the 
television  program  requiring  longer  R«T*  can  be  produced  in  an 
adequately  reverberant  Radio  Studio,  called  "Satellite  Audio 
Studio"  (J-4,  J-65,  J-96)* 

Television  Studios  are  constructed  in  various  sizes,  accord- 
ing io  the  required  floor  area  and  height*  The  main  types  are 
(J-4;  j-66): 

(a)  "Theater*^  Studios  with  permanent  audience  seating;  their 
area  may  be  as  large  as  13,000  ft^  and  their  volume  a- 

bout  500,000  ft^; 

(b)  General-Purpose  Studios,  for  all  types  of  programs; 


/ 
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Figor«  Floor  plan  of  the  Oslo  Radio  House, 
Norva7«  N«  HoXter,  architect;  6»  Nes- 
heia,  aooustioal  consultant.  (Reprin- 
ted froB  Bsrgsekunst,  Jan.  1951)# 


o 
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(c)  Small  Intei^vlew  and  "Announcer”  Studios; 

(d)  "Dubbing"  suites* 

A considerable  clear  height  is  usually  retjuired  over  the 
working  area  of  the  larger  Studios  to  allow  space  necessary 
for  the  lighting  grid  with  its  system  of  catwalks  and  for  fly- 
ing the  scenery  (J-l,  j-4,  j-62,  J-66,  J-79). 

Each  Television  Studio  is  normally  provided  with  the  follow- 
ing auxiliary  rooms:  Production  (video)  Control  Room,  with  a re- 
quired R.T.  of  about  0.25  sec;  Sound  (audio)  Control  Room;  Lift- 
ing Control  Room;  Sound  Effects  Room;  Announce  Booth  with  a re- 
quired R.T.  of  about  0.25  to  0*50  sec;  and  a number  of  various 
stores.  The  Control  Rooms,  usually  grouped  in  a suite,  are  often 

located  one  story  higher  than  the  Studio  floor  (J-2,  J-4,  J-62, 
J-66). 

Ill  Television  Audience  Studios  the  use  of  a sound  amplifi- 
cation system  is  indispensable  if  the  audience  is  to  receive 
adequate  sound  coverage. 

Simple  and  inexpensive  acoustical  treatments  are  usually 
applied  in  Television  Studios;  such  as,  mineral  wool  blankets 
(covered  with  metal  lath,  wire  screen,  chicken  wire  mesh,  or 
perforated  board),  wood  wool  slabs,  etc.  The  required  low  fre- 
quency absorption  can  be  obtained  by  using  plywood,  hardboard 
or  plasterboard  panels,  which  simultaneously  form  a suitable 
dado  for  the  lower  6 to  8 ft  high  portion  of  the  wall.  Most  of 
the  wall  treatment  is  eventually  shielded  by  a cyclorama  cur- 
tain spaced  some  3 to  6 ft  away  from  the  wall,  thereby  pro- 
3-dequate  space  for  unobtrusive  circulation  along  the 
perimeter  of  the  Studio  (J-4,  J-42,  J-51,  J-66,  J-75,  j-96). 

Figure  J.6  shows  the  floor  plans  of  a CBS  Television  Color 
Studio,  built  in  New  York. 
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Figure  J«6*  CBS  lelevision  Color  Studio  72,  New  Iork» 
with  lover  floor  plan  (bottom) y and  up- 
per floor  plan  (above).  (Reprinted  from 
J.  SHPIEy  Oct.  1955). 
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J»4  Control  Rooms 

Every  Radio  or  Television  Studio  is  linked  with  one  or  more 

Control  Rooms,  the  visual  contact  between  Studio  and  Control 

Room  being  provided  by  a wide  control  window  with  unobstructed 

view  of  the  Studio  floor.  As  long  as  the  Studio  floor  area  does 

2 

not  exceed  about  800  to  1200  ft  , Control  Room  and  related  Studio 
can  be  both  located  on  the  same  floor  level;  Control  Rooms  link- 
ed with  Studios  of  larger  size  need  to  be  elevated  accordingly 
(J-48). 

The  size  and  shape  of  the  Control  Room  will  depend  on  the 
furniture  and  technical  equipment  it  has  to  accommodate;  such  as, 
audio  console,  monitoring  and  talkback  facilities,  disc  repro- 
ducer, tape  recorder  and  playback  unit,  clock,  reverberation 
control  unit,  video  monitor,  intercom  key  panel,  seats  for  the 
control  personnel,  etc. 

The  J3BC  recommends  a R.T.  of  0.4  sec  at  the  300  cps  frequency 
in  Control  Rooms  (J-88). 

J.3  Notion  Picture  Studios  and  Recording  Rooms 

Notion  Picture  Studios  are  usually  built  as  large  halls  with 
highly  absorbent  enclosures  so  that  the  sets  can  contribute  their 
own  acoustical  characteristics  as  required  (J-123,  J-132)* 

The  site  for  a Film  Studio  is  chosen  generally  as  a compro- 
mise between  a quiet  surrounding  and  reasonable  accessibility 
(J-128,  J-129)*  Economy  in  the  construction  and  efficiency  in 
operation  suggests  that  several  large  size  Motion  Picture  Studios 
be  grouped  together;  this  will  allow  set  construction  €uid  prepa- 
ration to  be  carried  out  in  one  or  more  Studios  while  normal  pro- 
duction continues  in  the  adjacent  ones.  The  provision  for  the 
required  short  R.T.  within  these  Studios  and  for  a high  degree 
of  noise  and  vibration  isolation  are  main  objectives  of  the  a- 
coustical  design  (J-126). 
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Recording  Studios  (or  Recording  Rooms)  are  built  quite  simi- 
lar to  Radio  Studlosy  with  a **dead''  acoustical  environment  (J-689 
J-117f  J-118,  J-119»  J-121,  J-122)#  They  are  usually  connected 
with  a Control  Room  and  other  auxiliary  rooms  (J-131»  J-135)# 
Their  floor  area  and  shape  will  depend  on  the  furniture  and  on 
the  technical  equipment  they  have  to  accommodate  (disc  recorders 
and  reproducers^  magnetic  tape  recorders  and  reproducers^  loud- 
speakers, etc*}*  As  a rule,  no  public  is  admitted  to  Recording 
Studios,  consequently  priority  can  be  given  to  acoustical  rather 
than  aesthetic  requirements;  temporary  changes  may  be  made  in 
their  acoustical  treatment  irrespective  of  aesthetics  and  even  a 
latitude  in  experimentation  is  possible  (J-29,  J-120)* 

J«6  Listening  Rooms 

They  are  used  for  checking  records,  discs,  magnetic  tapes  and 
tape-editing, and  monitoring  of  various  sound  programs*  They  are 
sometimes  linked  with  a Radio  or  Television  Studio  by  an  obser- 
vation window  providing  a wide  view  of  the  Studio  floor  (J-124, 
J-123f  J-133)*  Acoustical  conditions  in  Listening  Rooms  should 
resemble  those  of  an  average  domestic  living  room  (J-4,  J-90, 
J-127),  with  a R*T*  of  about  0*4  to  0*5  sec*  Their  floor  area 
and  room  shape  will  depend  on  the  furniture  and  technicsd  equip- 
ment to  be  accommodated  (turntable,  magnetic  tape  recorder,  loud- 
speaker, etc*}* 
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From  the  preceding  Sections  it  hecomes  obvious  that  the  ne- 
cessity for  a workmanlike  sound  control  of  relatively  large  and 
acoustically  critical  Auditoria  is  irrefutable*  Their  periodic 
evalua,tion, during  their  design  and  after  their  construction  has 
started,  is  an  integral  part  of  their  sound  control. 

The  occasional  checking  of  relatively  small  or  seemingly  in- 
significant Auditoria  will  also  be  necessary,  and  often  will  prove 
most  helpful  in  the  provision  of  favorable  acoustical  conditions 
for  both  listeners  and  performers. 

A short  discussion  of  the  different  methods  of  checking  the 
acoustical  performance  of  Auditoria,  during  their  design  and  con- 
struction stages  and  after  their  completion,  is  given  below. 

K.1  Checking  during  the  design 

During  the  design  stage  of  an  Auditorium  the  architect  ob- 
viously will  be  anitflus  to  pcediot  Aether  or  not  acoustical  conditions 
in  the  completed  room  will  serve  satisfactorily  the  purpose  that 
has  been  specified  by  the  client.  The  methods  mentioned  here,  if 
applied  in  due  course  and  with  precision,  will  foreshadow  the  a- 
coustical  performance  of  the  Auditor! -mi  with  a reasonable  degree 
of  engineel'ing  accuracy. 

K.1.1  Control  of  reverberation  characteristics 

This  can  be  achieved  by  the  calculation  of  the  H.T.,  as  de- 
scribed previously  in  subsections  D.5,  F.5,  G.5,  H.5  and  J.1.2. 

K.1.2  Graphic  method 

The  floor  plans  and  building  cross  sections  of  Auditoria  will 
offer  a good  opportunity  to  follow  the  paths  taken  by  rays  of 
sound  which  travel  from  the  source  to  the  listeners  (GB-21,  K-1, 
K-2).  It  has  been  assumed  in  subsection  D.l  that  these  rays  will 
be  reflected  from  the  boundary  surfaces  at  an  angle  that  is  equal 
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ta  the  angle  of  incidence  (lav  of  reflection)*  This  rather  sim- 
plified graphic  analysis  of  the  propagation  of  sound  in  rooms 
will  be  very  useful  in  revealing  acoustical  merits  and  faults 
of  enclosed  spaces  (K-2,  K-3»  K-4,  K-23»  GB-21,  GB-53)#  Such  an 
analysis  will  be  useful  (see  Figure  K.l): 

(a)  to  check  whether  or  not  the  supply  of  direct  sound  to  all 
parts  of  the  seating  area  is  satisfactory,  i.e.,  whether 
or  not  seating  area  is  adequately  ramped  or  raked,  and 
the  sound  source  elevated; 

(b)  to  ensure  that  sufficient  sound  reflections  are  provided 
for  the  entire  seating  area,  in  particular,  that  reflect- 
ed sound  increases  progressively  towards  the  remote 
seats  (Figure  K*1*A); 

(c)  to  trace  surfaces  liable  to  produce  acoustical  defects; 
such  as,  echoes  (Figure  F*4),  comer  echoes  (Figure 
K*1*B),  long-delayed  reflections  (Figure  K*1*C),  sound 
concentrations  (Figure  K*1*D),  or  flutter  echoes; 

(d)  to  locate  areas  in  acoustical  shadow  (Figures  K*1*E  and 
K*1.P). 

Analyzing  the  paths  of  sound  waves  beyond  the  first  and 
second  reflections  is  a complex  procedure,  which,  fortunately, 

^ is  unimportant  because  of  the  loss  of  sound  energy  after  several 
i reflections  ( GB-43) • 


K*l*3  Model  tests 

1: 


[ Model  tests,  when  applied,  normally  use  optical  or  wave  me- 
I thods  (K-1,  K-2,  K-3,  K-4,  K-8,  K-14,  K-17,  K-18,  K-19,  K-21, 

( K-22,  GB-52) . 


In  the  first  case,  conditions  of  geometrical  acoustics  are 
assumed  using  wavelengths  that  are  extremely  small  compared  to 
the  dimensions  of  the  model  (light  distribution  method,  ray  me- 
thod, etc*)*  In  the  second  case,  calculations  are  based  on  wave— 
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Figure  K«l*  Graphlo  analysis  as  an  iaportant  tool  in 
ehsoking  tha  aoottstical  perforaance  of 
SB  Auditoriua*  (Rsprintsd  froa  Design  for 
Crood  Aeoustics  by  J.B.  Moore,  Architeotml 
Press,  London,  1961) • 
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lengths  reduced  in  the  same  proportions  as  the  dimensions  of 
the  model  (ripple  tank  method^  ultrasonic  method^  sound  pulse 
method,  etc*) 

K»2  Checking  during  construction  and  after  completion 

Before  being  declared  completed  and  ready  for  use,  every 
Auditorium  should  undergo  certain  tests  to  make  sure  that  it  has 
no  acoustical  defect  that  could  impair  its  usage*  This  test  will 
enable  the  architect  to  take  immediate  measures  for  the  acous-* 
tical  correction  of  the  Auditorium  if  it  proves  to  be  neces- 
sary* 

In  simple  cases  the  room  can  be  checked  for  echOKi  cr  flutter 
echoes  by  producing  a sharp  hand  clap  at  the  location  of  the  sound 
source  and  then  by  listening  to  the  response  of  the  room  (K-l)* 
Similarly,  a person  with  an  acute  ear  will  quickly  detect  the  re- 
verberation characteristics  of  the  room* 

In  medium  and  large  size  Auditoria,  however,  particularly  if 
importance  is  attached  to  good  acoustics,  a quantitatively  and 
qualitatively  more  precise  evaluation  of  the  acoustical  proper- 
ties is  necessary*  These  will  be  described  briefly  in  subsequent 
paragraphs* 

K*2*l  Speech  intelligibility  testing 

The  intelligibility  within  a room  used  for  speech  can  be  de- 
termined by  articulation  or  intelligibility  testing*  A speaker 
located  on  the  stage  or  platform  reads  a number  of  meaningless 
monosyllables  or  meaningful  words  (phrases,  sentences),  and  lis- 
teners at  various  parts  of  the  seating  area  write  down  or  repeat 
what  they  think  they  hear*  The  percentage  of  the  words  that  is 
correctly  written  down  or  repeated  is  called  percent  articulation 
or  percent  intelligibility  (K-l,  K-2,  K-15t  GB-29t  GB-41).  The 
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word  **articulation"  is  used  whea  the  speech  material  consists 
of  meaningless  syllables  or  fragments;  the  word  "intelligibility" 
is  used  when  the  speech  material  consists  of  meaningful,  complete 
words,  phrases  or  sentences  (6B-73)* 

K«2«2  Test  performances,  test  concerts 

Before  an  Auditorium  of  particular  acoustical  importance  comes 
into  regular  use,  carefully  planned  test  performances  should  be 
held  to  test  the  room  suboectively  for  major  acoustical  faults; 
such  as,  echoes,  flutter  echoes,  incorrect  H*T»,  unusual  lack  of 
low  frequency  sounds,  room  resonance,  etc*  Any  defect  which  mi^t 
be  found  can  then  be  further  investigated  and  probably  corrected 
before  the  official  opening  of  the  Auditorium, and  while  the  build- 
ing contractor  is  still  on  the  site  (H-6,  H-49»  H-108,  1-51) • 

K*2*3  Objective  measurements  of  acoustical  properties 

During  construction  and  after  completion  of  an  Auditorium  se- 
veral acoustical  characteristics,  such  as  H*T*,  echoes,  diffusion, 
balance  of  high,  middle,  and  low  frequencies,  sound  pressure  level, 
noise  level,  etc*,  can  be  objectively  measured  or  detected  by  in- 
struments, thus  providing  a precise  quantitative  evaluation  of  the 
acoustical  performance  of  the  room  (K-9,  K-10,  K-11-  K-12,  K-20)* 

Reverberation  time  measurements  during  the  construction  of  a 
Radio  or  Television  Studio  might  suggest  certain  adjustments  or  mod- 
ifications in  the  planned  acoustical  treatment  of  the  Studio  (J-41)# 
Acoustical  measurements  in  completed  Radio  Studios  will  reveal 
whether  or  not  any  change  is  required  in  the  acoustical  treatments, 
and  whether  or  not  any  difficulty  will  be  encountered  in  microphone 
pick-up  because  of  room  resonance  or  overly  delayed  reflections 
(K-7). 

The  measurement  of  R*T*,  made  at  severel  positions  and  the  re- 
sults averaged,  in  a completed  Auditoriim  is  a basic  criterion  in 
the  ultimate  evaluation  of  its  acoustical  performance  (K-6,  K-15)» 
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It  has  been  mentioned  in  preceding  Sections  that  the  sound 
level  can  be  increased  in  the  rear  portion  of  an  Auditorium  if 
^ the  shape  and  volume  of  the  room  are  acoustically  fa- 
vorable, 

- suitable  reflective  surfaces  have  been  provided, 

- R*T*  is  optimum, 

- acoustical  defects  have  been  successfully  eliminated,  and 

- disturbing  noise  has  been  banished  from  the  Auditorium* 

In  large  halls,  however,  even  though  attention  has  been 

given  to  these  aspects,  speech  level  often  will  be  too  low  for 
satisfactory  hearing  conditions*  In  large  Auditoria,  therefore, 
and  also  in  outdoor  locations,  a sound  amplification  system  is 
nearly  always  necessary  to  secure  adequate  loudness  and  good 
distribution  of  sound  (1-3#  1-7,  1-26,  1-37,  1-43,  1-52,  1-53, 
1-57). 

It  is  not  possible  to  specify  the  exact  size  or  volume  of 
small  or  medium  size  Auditoria  above  which  a sound  system  is 
needed;  this  will  depend  on  the  acoustical  conditions  of  the 
room,  the  strength  of  the  voice  of  the  speadcer,  the  distance 
between  speaker  and  listeners  and  on  the  ambient  background 
noise  in  the  room  (1-7,  1-37,  1-53)  * 

According  to  Y.O*  Knudsen  and  C.M*  Harris,  if  a high  degree 
of  speech  intelligibility  is  desired,  a sound  amplification 
system  should  be  used  in  Auditoria  exceeding  a volume  of  about 
50,000  ft^;  if  the  noise  level  is  greater  than  40  dB,  a sound 
system  may  be  necessary  even  in  smaller  rooms  (1-3) • 

W.  Furrer  recommends  the  installation  of  a sound  amplifi- 
cation system  in  Auditoria  whose  volumes  exceed  the  following 
values  (GB-52): 
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for  the  average  speaker  103,000 

for  the  trained  speaker  210,000  ft^ 

for  instrumentalists  or  vocal- 

ists  350,000  ft^ 

for  a large  symphonic  orchestra  700,000  ft^ 

for  a large  choir  1,750,000  ft^ 

According  to  L.L,  Beranek  (L-37),  in  an  acoustically  well 
designed  Auditorium,  a sound  system  will  be  needed  if  the  room 
volume  exceeds  about  75,000  ft^aadlfthe Ydoe  must  travel  more 
than  about  80  ft  to  a listener*  On  the  other  hand,  a sound  am- 
plification system  may  be  required  in  Auditoria  having  a volume 
greater  than  about  15,000  ft^  if  the  room  is  heavily  treated 
with  absorbing  materials^ and  the  distance  between  sound  source 
and  listeners  exceeds  40  ft*  GenercCLly^a  sound  system  will  be 
needed  for  small  rooms  if  they  are  too  noisy  (particularly  in 
the  frequency  range  corresponding  to  speech  sounds),  or  if  the 
room  is  extremely  reverberant* 

P*H*  Parkin  and  H*R*  Humphreys  recommend  a sound  system 
for  Auditoria  accommodating  more  than  500  audience  if  the  floor 
is  flat, with  some  intruding  noise*  On  the  other  hand,  they  claim 
that  an  acoustically  well  designed  Theater  with  trained  actors 
probably  will  not  need  a sound  system  unless  its  seating  capa- 
city exceeds  1500  (L-7). 

L.l  Principal  uses  of  sound  amplification 

Sound  amplification  systems  are  used  for  the  following 
purposes  (L-2,  L-3,  1-6,  L-7,  1-9,  1-12,  1-15,  1-16,  L-22, 

1-23,  L-37,  1-38,  1-39,  1-40,  1-43,  1-45,  1-46,  1-50,  1-51, 

1—52,  1-53,  1-54,  GB-38) : 

(tj  to  reinforce  the  sound  level  in  an  Auditorium  or  in 
outdoor  locations  when  the  sound  source  is  too  weak 
to  be  heard; 


(b)  to  minimize  room  reverberation; 

(c)  to  provide  amplified  sound  for  overflow  audiences; 

(d)  to  increase  the  sound  level  on  the  stage  of  an  Audi* 
torium  in  order  to  provide  an  adequate  sound  level 

ror  the  performers  or  for  listeners  seated  on  the  stage; 

(e)  to  provide  artificial  reverberation  in  rooms  which  are 
too "dead” for  satisfactory  listening; 

(f)  for  Motion  Picture  Theaters; 

(g)  to  distribute  radio  or  recorded  programs  in  factories^ 
schools,  hospitals,  hotels,  restaurants,  recreational 
buildings,  etc*,  for  entertainment,  audio  instruction, 
or  therapeutic  purposes,  and  also  to  enhance  morale^ 
thus  increasing  productivity  and  quality  of  the  product; 

(h)  to  provide  paging  and  announcing  in  offices,  stores, 
industrial  buildings,  schools,  hotels,  hospitals,  trans- 
portation buildings  or  in  any  other  building  for  the 
purpose  of  transmitting  spoken  or  recorded  announce- 
ments or  for  locating  individuals; 

(i)  to  provide  a multitude  of  electro-acoustical  facilities 
in  Theaters,  Opera  Houses,  etc.,  partly  for  the  conve- 
nience of  the  audience,  performers  and  staff,  and  part- 
ly to  produce  various  sound  effects; 

(j)  to  provide  personal  communicating  facilities  between 
individuals  at  separated  locations  in  the  same  or  dif- 
ferent buildings; 

(k)  to  provide  hearing  aids  in  Auditoria; 

(l)  to  operate  electronic  organs,  chimes,  carillons,  etc.; 

(m)  for  signalling,  i.e.,to  relay  instructions  for  emergency 
action  or  for  indicating  the  beginning  and  end  of  work 
periods. 

Some  of  these  listed  functions  are  often  combined. 
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In  the  remaindier  of  this  Section  mednly  sound  avpllfl cation 
systems  used  to  reinforce  the  sound  level  in  Auditoria  will  be 
discussed*  It  is  generally  expected  that  a sound  system  (a) 
should  provide  clear  and  undlstorted  sounds  l*e*»hlgh  intelli- 
gibility ^ at  reasonable  loudness;  (b)  should  be  free  from  dis- 
turbing echoes; (c)  should  create  a sufficiently  low  room  re- 
verberation; and  (d)  the  amplified  nature  of  the  sound  should 
remain  undetected*  In  facty  the  audience  should  be  unaware  of 
the  existence  of  a sound  system, and  the  acoustical  excellence 
of  any  performance  should  be  attributed  to  the  performers  and 
to  the  acoustics  of  the  Auditorium  (L-7»  L-37»  L-43)* 

L*2  System  Components 

Every  single-channel  sound  amplification  system  Is  a hook- 
up of  three  essential  components:  microphone,  amplifier  and 
loudspeaker* 

The  microphone,  placed  near  the  actual  sound  source,  picks 
up  the  sound  energy  radiated  by  the  source,  converts  it  into 
electrical  energy  and  feeds  it  into  the  amplifier*  The  ampli- 
fier increases  the  magnitude  of  the  electrical  signal  and  de- 
livers it  to  the  loudspeaker  which  converts  the  electrical 
signal  into  air-borne  sound  waves  for  distribution  to  the  lis- 
teners at  a requested  level  (L-3f  l>-6,  L-33t  X***33>  L-40,  L-33)* 
Figure  L*1*A  is  a simplified  diagram  showing  basic  components 
of  a single-channel  sound  amplification  system* 

A detailed  discussion  of  the  system  components  (micro- 
phones, amplifiers  and  loudspeakers)  is  beyond  the  scope  of 
this  work  (L-1,  1.-2,  L-3,  L-6,  L-7,  L-9,  L-13»  L-16,  L-18, 

L-20,  L-22,  1-25 f L-26,  L-33t  L-35,  1-37,  1-40,  l-43t  1-52, 
1-53,  GB-58}*  It  must  be  stressed  that  a sound  system  will 
give  satisfactory  \ ssults  only  if  all  components  are  of  the 
highest  quality,  if  its  design  is  carefully  integrated  with 
the  architectural  and  acoustical  characteristics  of  the  Audi- 
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THESE  LOUDSPEAKERS  SWITCHED 
OFF.  FOR  MICROPHONE  POSITION  SHOWN 
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Figure  L#l*  Fundamental  aspects  of  sound  amplification  sys- 
tems. A:  simplified  diagram  showing  basic  com- 
ponents. B:  central  loudspeaker  system.  C:  dis- 
tributed loudspeaker  system.  D:  advantages  of  a 
central  system  over  a distributed  one.  Instances 
h»Z  and  Ll-Z  are  almost  equals  while  distance 
L2^Z  is  much  shorter.  Central  speaker  (LI)  rein- 
forces the  natural  sounds  distributed  system 
(L2)  causes  natural  sound  to  be  heard  as  an  echo. 
(Reprinted  from  Acoustical  Designing  in  Architec- 
ture by  T#0.  Knudsen  and  C.N.  Harris^  John  Wiley 
and  SonSf  New  York,  1950;  and  Progr.  Arch.y  Ag# 
1961;  Arch.  Rec.y  Deo*  1961). 
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torlum,  and  if  the  system  is  operated  by  a competent  person 
who  has  a fundamental  understanding  of  the  sound  program  and 
of  the  temperament  of  the  performers  (L-3). 

L«3  Loudspeaker  placing 

If  the  microphones  are  to  be  located  at  the  "sending**  end 
of  an  Auditorium  there  are  available  three  principal  types  of 
loudspeaker  systems  (L-3»  L-7»  L-37»  L-43»  L-53): 

(a)  centrally  located,  with  a single 
cluster  of  loudspeakers  over  the  sound  source,  as  shown 
in  Figure  L*1*B; 

(b)  distributed,  using  a large  number  of  over- 
head loudspeakers  located  throughout  the  Auditorium, 
as  illustrated  in  Figure  L*1*C; 

(o)  stereophonic,  with  two  or  more  clusters  of 
loudspeakers  around  the  proscenium  opening  or  the  sound 
source* 

The  central  system  (Figure  L*1*B),  the  most  preferred 
one,  gives  maximum  realism  because  the  amplified  sound  comes 
from  the  same  direction  as  the  original  sound*  This  will  create 
the  impression  of  increased  loudness  and  clarity  but  the  audi- 
ence will  identify  the  sound  with  the  performer,  not  with  the 
loudspeaker  (L-3»  L-32)* 

As  a rule,  the  use  of  a central  loudspeaker  system  should 
be  preferred,  however,  there  are  many  situations  in  which  a 
distributed  system  (Figure  L*1*C)  has  to  be  used;  for  example 
(L-52,  L-53): 

(a)  in  Auditoria  with  a low  ceiling  height  that  is  inade- 
quate for  the  installation  of  a central  system; 

(b)  where  a majority  of  the  listeners  would  not  have  ade- 
quate line-of-sight  on  a central  loudspeaker; 


(c)  when  soimd  has  to  be  provided  for  overflow  audiences; 

(d)  in  large  halls  (Convention  Halls,  Ballrooms,  Terminal 
Buildings,  etc*)  where  maximum  flexibility  is  required 
to  amplify  sound  sources  in  any  part  of  the  hall^and 
where  the  amplified  sound  has  to  override  the  prevailing 
high  background  noise  level; 

(e)  in  halls  where  the  possibility  exists  of  dividing  the 
space  into  several  smaller  areas* 

Although  no  realism  can  be  expected  from  a distributed  loud- 
speaker system,  it  does  provide  a high  degree  of  intelligibility 
if  the  room  is  not  too  reverberant* 

In  the  distributed  system,  severed,  loudspeakers  are  placed 
in  the  ceiling,  facing  down  towards  the  audience  and  operated 
at  a relatively  low  but  comfortable  sound  level;  each  speaker 
is  placed  so  that  it  covers  only  a specified  area* 

If  amplified  sound  is  supplied  through  a distributed  system 
to  a listener  seated  at  the  rear  of  a very  long  room,  he  will 
receive  the  amplified  sound  earlier  than  the  natural  sound*  If 
this  delay  in  the  arrival  of  the  natural  sound  is  excessive, 
the  sound  will  appear  to  come  from  the  loudspeaker  resulting 
in  loss  of  intelligibility  and  disillusion  in  listening*  This 
can  be  overcome  if  an  appropriate  time-delay  mechanism  is  in- 
troduced in  the  sound  amplification  system  (L-3>0,  L-43f  L-45, 
L-52,  1-55). 

The  use  of  a central  loudspeaker  system  is  nearly  always 
preferable  to  the  distributed  system  as  is  illustrated  and  ex- 
plained in  Figure  L*1*D* 

The  simultaneous  use  of  both  the  central  and  the  distri- 
buted loudspeaker  systems  in  certain  Auditoria  is  feasible, 
sometimes  quite  necessary* 
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A stereophoivic  soimd  system  employs  two  or  more  microphones 
adequately  spaced  in  front  of  the  performing  area,  connected 
through  separate  amplifying  channels  to  two  or  more  correspond- 
ing loudspeakers  spaced  in  front  of  the  listening  area.  Such 
a system  will  preseive  the  illusion  that  sound  is  coming  from 
the  original,  unamplified  source,  because  (a)  sound  vill,  in 
fact,  approach  from  loudspeakers  above  (or  below)  the  original 
source  at  intensities  proportional  to  the  distance  from  the 
source  to  the  microphone,  and  (b)  the  ear  locates  sound  sources 
in  the  horizontal  plane  but  not  in  the  vertical  plane  (GB-38). 

A stereophonic  sound  system,  used  mostly  on  large  stages 
where  the  sound  originates  from  moving  sources  or  grouped 
voices  and  instruments,  will  preserve  the  audio  illusion  in 
the  spatial  distribution  of  the  soimd  sources.  It  will  create 
a remarkable  increase  in  the  realism  of  sound  and  listening 
pleasure  (L-22,  L-32,  Ir-37,  1-41,  L-43,  L-47,  1-48,  L-49, 

1-53,  1-54). 

The  use  of  a stereophonic  sound  system  in  Auditoria  will 
require  particular  attention  in  obtaining  the  optimum  layout 
of  equipment  and  in  the  inclusion  of  the  increased  number  of 
system  components  in  the  overall  design  (1-3). 

If  the  microphones  are  distributed  in  an  Auditorium  (Par- 
liamentary Halls,  Conference  Halls,  etc.),  the  loudspeaker 
layout  will  require  an  individual  solution  in  every  case  (1-37). 

In  placing  the  loudspeakers,  in  general,  it  must  be  remem- 
bered that  (a)  every  listener  in  the  room  must  have  line-of- 
sight  on  that  particular  loudspeaker  with  which  it  is  planned 
to  supply  him  with  amplified  sound,  (b)  a loudspeaker  cluster 
(particularly  the  central  type)  will  require  a great  deal  of 
space,  and  (c)  concealed  loudspeakers  have  to  be  hidden  behind 
a sound  transparent  grille  which  should  not  contain  large 
scale  elements  (1-53). 


321 


Loudspeakers  should  alvays  radiate  their  sound  energy  on 
the  sound  absorbing  audience  with  no  (or  minimum)  sound  ener- 
gy radiated  on  sound  reflecting  surfaces*  This  is  particular- 
ly important  in  Audi  tori  a %rith  excessive  H*T* 

Various  types  of  loudspeakers  can  be  used  for  both  the 
central  and  distributed  systems*  In  certain  cases  ,"line"  or 
"column**  loudspeakers  are  preferable  to  the  conventional  ra- 
dial or  multicellular  horns*  Column  loudspeakers  concentrate 
most  of  the  sound  into  a beam  which  has  a wide  angular  spread 
in  the  horizontal  plane  and  a narrow  angular  spread  in  the 
vertical  plane,  shown  in  Figures  .L*  2 and  L*3  (l>-7f  l>-37» 
L-39)* 

Even  though  the  selection  of  the  central  loudspeaker  clus- 
ter is  in  the  hands  of  the  electrical  engineer 9 the  integrat- 
ion of  the  space-consuming  central  loudspeaker  system  with  the 
architectural  concept  is  always  a serious  aesthetic  problem  un- 
less it  is  tackled  by  the  architect  from  the  outset  of  the  de- 
sign* 

Particular  attention  must  be  paid  to  the  locations  of  mi- 
crophones relative  to  the  loudspeakers  in  both  central  and 
distributed  systems,  in  order  to  avoid  the  familiar  feedback, 
i*e*,  squealing  or  howling*  This  phenomenon,  typical  of  a poor- 
ly designed  sound  system,  usually  occurs  (a)  if  the  sound  ra- 
diated from  the  loudspeaker  is  picked  up  by  the  microphone, 

(b)  whenever  reflective  surfaces  of  the  room  are  so  located 
as  to  concentrate  reflected  sound  on  the  microphone,  and  (c) 
in  highly  reverberant  rooms* 


o 
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Figure  L«2. 

Diagraomatio  illustration 
of  a "column**  loudspeaker, 
shoving  its  vide  angular 
spread  in  the  horizontal 
plane  and  its  narrov 
angular  spread  in  the  ver- 
tical piano.  (Reprinted 
from  Acousties^Hoiso  and 
Buildings  by  P.H.  Parkin 
and  H.R.  Humphreys,  Fred- 
erick A.  Praoger,  HevXork, 
1958), 


Figure  Longitudinal  section  of  an  Auditorium  vith  central 
loudspeaker  system;  tvo  "column"  loudspeakers  are 
used  vith  narrov  angular  spreads  in  the  vertical 
plane.  (Reprinted  from  Acoustics,  Boise  and  Build- 
ings by  P.H.  Parkin  and  H.R.  Humphreys,  Frederick 
A.  Praeger,  Rev  York,  1958). 
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In  the  introductory  pages  of  this  study  it  was  noted  that 
buildings  today  exist  in  a relatively  noisy  environment  as  a 
result  of  the  remarkable  shift  in  building  technology  from 
traditional  (heavy  and  thick)  structure  to  contemporary  (light- 
weight, thin,  and  prefabricated)  buildi^g  construction,  the 
extraordinary  increase  in  noise  sourcfs,  and  the  architect’s 
preference  for  undivided  interior  spaces  (M— 2,  M-6,  M-8,  M— 17, 
M-20,  M-81,  M-82,  M-122). 

The  elimination  or  reasonable  reduction  of  interior  and 
exterior  noises  in  buildings,  i*r*»  the  provision  for  the  de- 
sired quiet  environment,  is  the  purpose  of  noise  control, and 
th3  subject  of  this  and  subsequent  Sections*  Freedom  from  noise 
is  one  of  the  most  valuable  qualities  that  a contemporary 
building  can  possess  (M-6)* 

M*1  Effect  of  noise  on  people 

All  sounds  regarded  as  distracting,  annoying  or  harmful  to 
everyday  life  (work,  rest,  study,  entertainment,  etc*)  are  con- 
sidered as  noises;  as  a standard  definition,  any  sound  deemed 
undesirable  by  the  rtoipient  is  regarded  as  noise  (GB-73)#  Thus 
speech  or  music  will  also  be  regarded  as  noise  when  their  per- 
ception is  undesired  by  the  recipient  (M— 6,  M-13,  M-17,  M-20, 
M-27,  M-85,  M-84,  M-122)*  Whether  or  not  a sound  is  undesired 
by  a person  will  naturally  depend  on  the  loudness  of  the  sound, 
and  also  on  subjective  aspects;  such  as, origin  of  sound,  the 
recipient's  momentary  state  of  mind,  his  state  of  nerves,  etc* 
(M-88,  H-89,  M-103)*  Music  may  sound  lovely  if  produced  by 
one’s  own  record  player  but  it  can  be  quite  irritating  if  it 
comes  from  the  neighbor's  radio  or  television  set  (M— 116,  M-122, 
M-141)*  Noise  created  by  oneself  tends  to  be  ignored  if  it  con- 
stitutes a natural  accompaniment  to  work,  such  as  the  noise  of 
a typewriter,  of  a working  machine,  etc*  (M-ll)  * Quite  often 
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noiaes  origina‘^>lng  from  a nearby  railway  station  or  from  dis* 
tant  airf lights  are  not  objectionable  (provided  that  their 
perception  is  not  unexpected)  because  their  origin  is  consi- 
dered as  something  necessary  and  natural  (GB-52),  As  a rule, 
noises  of  mechanical  or  electrical  origin  (caused  by  fans, 
transformers,  motors^  pumps,  vacuum  cleaners,  washing  machines, 
etc#)  are  always  more  annoying  than  noises  of  natural  origin 
(wind,  rain,  waterfall,  etc#)#  High  frequency  noises  are  more 
disturbing  than  low  frequency  noises  (GB-52)# 

The  effects  of  noises,  ranging  from  distracting  to  serious, 
are  well  known#  Even  a faint  noise  can  interfere  with  listening 
to  speech  or  music,  causing  a masking  effect  (subsection  C#8) 
and  elevating  the  threshold  of  audibility  (M-11,  M-14,  H-l6^ 
M-22,  H— 26,  M— 44,  GB— 21)#  Moderately  loud  noises  may  produce 
nervousness,  indisposition,  auditory  fatigue,  indigestion  and 
circulatory  troubles.  Very  loud  noises  may  induce  a serious 
deterioration  in  a person's  general  state  of  health  ; if 
long  endured,  temporary  or  permanent  loss  of  hearing  can  re- 
sult (M-6,  M-11,  M-56,  M-84,  M-102,  M-113). 

The  detrimental  effect  of  noise  on  working  effic:.  ?ncy  and 
production  has  been  numerically  proven  in  several  fields  of 
industry  (M-6,  M-84,  M-119). 

M.2  Measurement  of  noise#  Addition  of  noise  levels 

Noise  can  be  measured  in  different  ways  (M-3,  M-16,  M-21, 
M-45,  M-46,  M-47,  M-70,  M-86,  M-96,  M-97,  M-lOO,  M-125).  The 
sound  pressure  level  and  sound  level  of  noise  is  measured  by 
means  of  a sound  pressure  level  meter  in  terms  of  decibels 
above  0.0002  microbar  (subsection  C.3)# 

The  subjective  loudness  of  a sound,  however,  varies  not 
only  with  the  sound  pressure  level  but  also  with  the  frequency 
of  the  sound#  The  way  the  loudness  of  a sound  varies  with 
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frequency  will  depend  on  the  sound  pressure  level  of  the  sound 
in  addition,  low  frequency  sounds  seem  less  loud  than  high  fre- 
quency sounds  which  have  the  same  sound  pressure  level  (M-26). 
Allowance  has  been  made  for  this  effect  for  pure  tones  by  in- 
corporating so  called  "weighting  networks"  in  an  instrument 
that  measures  soimd  pressure  levels;  such  an  instrument  is 
called  a sound  level  meter  (M-21,  M-85»  M-96,  M-125f  M-135)# 

In  order  to  obtain  a high  degree  of  ui-iformity  among  sound 
level  meters,  they  provide  three  alternate  frequency-response 
characteristics*  The  three  responses  are  obtained  by  three 
weighting  networks,  designa^ted  A,  B,  and  C,  also  referred  to 
as  "40  dB",  "70  dB",  and  "flat",  respectively,  shown  on  Figure 
M.l.  These  responses  selectively  discriminate  against  low  and 
high  frequencies  according  to  the  equal— loudness  level  curves 
in  Figure  C#l,  atnd  approximating,  to  a certain  extent,  the  fre- 
quency response  of  the  human  ear#  If  A-weighting  is  used,  for 
measuring  noise  levels  below  55  dB,  it  will  indicate  the  "A- 
wei^ted  sound  level",  and  the  measurement  should  be  labelled 
"dB-A".  Similarly  for  B-weighting,  used  for  noises  between 
55  dB  and  85  dB.  C-weighting  is  used  for  noises  above  85  dB. 

When  noises  are  measured  on  a sound  level  meter  with  the  fre- 
quency response  weighting  selected  according  to  the  level  of 
the  measured  noise,  the  reading  obtained  is  the  sound  level. 
Readings  obtained  with  the  "flat"  (or  "C")  frequency  response 
are  sound  pressure  levels.  It  is  essential  to  record  the 
weighting  position  with  the  observed  level  (M-21). 

When  the  frequency  characteristic  of  a noise  has  to  be  in- 
vestigated, the  sound  level  meter  is  used  with  a spectrum  ana- 
lyzer. The  analyzer  has  a set  of  filters  allowing  a certain  band 
of  frequencies  only  to  pass  through  a circuit;  only  those  fre- 
quencies allowed  through  will  be  measured  by  the  sound  level 
meter.  The  usual  type  of  analyzer,  called  an  octave-band  ana- 
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Figart  H«X«  "A**!  **B"»  and  **0”  responses  of  a sound  level 
meter.  (Reprinted  from  Acoustic^  Noise  and 
Buildings  by  P.H.  Parkin  and  H.R.  Humphreys, 
Frederick  A.  Praeger,  New  York,  1958). 
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Figure  H.2.  Chart  for  combining  noise  levels*  (Reprinted 
from  Handbook  of  Noise  Measurement  by  A.P.G. 
Peterson  and  E.E.  Gross,  General  Radio  Com- 
peiny.  West  Concord,  Hass.,  I960). 
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lyzer,  is  divided  into  several  bands  of  one  octave  each.  A 
noise  is  properly  specified  when  one  average  reading  is  given 
for  each  octave  band  on  the  appropriate  weighting  network 
(M-26). 

Sound  levels  for  typical  noise  sources  measured  with  a 
sound  level  meter  are  listed  in  Table  M.l  (H-6,  H-21,  M-28, 
M-29,  M-30,  M-49,  M-74,  M-75,  N-10). 

Table  M.l.  Typical  overall  noise  levels,  expressed 
in  decibels,  measured  at  a given  distance  from  the 
noise  source.  (Levels  below  85  dB  are  wei^ted). 


Noise  source 

noise  level 
dB,  re  0.0002 
microbar 

Ticking  of  watch 

20 

Quiet  garden 

30 

Average  residential  environment 

43 

Light  traffic  (100* ) 

45 

Average  private  business  Office 

50 

Acounting  Office 

65 

Average  traffic  (100*) 

67 

Boeing  707-120  jet  at  touch-down  (3300» 

) 70 

Automobile  (20*) 

74 

Heavy  traffic  (25*  to  50*) 

75 

Average  light  truck  in  city  (20*) 

77 

Lathes  (3*) 

80 

Cotton  spinning  machines  (3*) 

85 

Inside  sedan  in  city  traffic 

86 

10  HP  outboard  (50») 

88 

Boeing  707-120  jet  at  take  off  (3300») 

90 

Inside  motor  bus 

91 

Train  whistles  (500*) 

92 

Average  heavy  truck  (20*) 

93 
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(Table  M«1  cont'd*) 

Noise  source 

Subway  train  (20*) 

Sewing  machines  (3*) 

Looms  (3'} 

Riveting  gun  (3*) 

Wood  saw  ( 3 • ) 

Inside  DC-6  airliner 
Chipping  hammer  (3*) 

Automatic  punch  press  (3') 

Car  horn  (3* ) 

Pneumatic  chipper  (5*) 

Large  pneumatic  riveter  (4*) 
Hydraulic  press  (3*) 

P 84  jet  at  take-off  (80*  from  tail) 
50  HP  siren  (100*) 


noise  levels 
dHy  re  0*0002 
microbar 

95 

96 

97 
100 
100 
105 
108 
112 
114 
123 
128 
129 
132 
138 


If  the  combined  noise  level  of  two  or  more  different  noise 
sources  has  to  be  predicted,  the  resultant  noise  level  will  not 
be  the  sum  of  the  individual  levels*  The  diagram  given  in  Fig- 
ure M*2  can  be  used,  with  reasonable  approximation,  for  com- 
bining two  noise  levels,  but  the  diagram  can  aLso  be  used  succes- 
sively to  combine  any  number  of  noise  levels*  If  the  sound 
pressure  levels  and  82  of  two  noise  sources  have  to  be 
added  and  if  Sg  is  greater  than  then,  the  total  noise  le- 
vel in  decibels  is  equal  to  Sg  + N,  where  N is  the  increment 
to  be  determined  from  Figure  M*2,  corresponding  to  the  diffe- 
rence between  the  two  sound  pressure  levels  being  added*  It 
will  be  seen  that  when  the  sound  pressure  levels  of  two  noise 
sources  are  equal,  the  difference  between  them  equals  zero, 
and  the  resultant  noise  level  is  3 di3  higher  than  the  level 
of  either  sound  source  (M— 6,  H— 21)*  If  several  noise  sources, 
all  having  the  same  sound  pressure  level,  have  to  be  added, 


they  will  have  a total  sound  pressure  level  which  is  10  log^Qq 
decibels  above  the  sound  pressure  level  of  one  of  the  noise, 
sources,  where  q is  the  number  of  the  noise  sources  (M->11)» 

Various  methods  are  known  and  instruments  used  for  the 
measurement  of  vibration;  their  discussion,  however,  falls  be- 
yond the  bounds  of  this  study  (M-16,  M-22,  M-53»  GB-34)* 

M»3  Noise  sources 

The  main  noise  sources  of  significance  in  noise  control  may 
be  classified  in  two  groups  (M-4,  M-6,  M-11,  M-17,  M-18,  M-37, 
M-40,  M-122,  S-50,  S-38,  S-40,  S-43t  GB-52): 

(a)  noise  sources  indoors,  originating  from  people,  house- 
hold equipment,  or  machinery  within  the  building*  Par- 
tition walls,  floor  constructions,  doors  and  windows 
inside  the  building  must  provide  adequate  protection 
against  these  noises; 

(b)  outdoor  noises,  originating  from  traffic,  transport- 
ation, industry,  and  from  sports  activity*  Exterior  walls 
and  top  floors  (roofs)  must  provide  the  required  pro- 
tection against  outdoor  noises* 

Even  though  these  noise  sources  may  occur  indoors  or  out- 
doors, in  subsequent  discussions  their  effect  will  be  considered 
from  the  point  of  view  of  the  recipients  who  are  assumed  to  be 
indoors  (M-18)* 

If  the  noise  originates  in  a room,  this  will  be  called  the 
source  room,  and  the  room  in  which  the  recipient  is 
located  will  be  termed  the  receiving  room  (M-18)* 

M*3*l  Noise  sources  indoors 

The  most  common  noise  sources  produced  by  people  (parti- 
cularly in  Apartment  Buildings)  are:  radio  or  television  sound 
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coming  from  adjacent  occupancleSf  banging  of  doorsy  loud  con- 
versation, traffic  on  staircase,  people  moving,  children  play- 
ing, babies  crying,  etc,  (M-11), 

Building  noises  produced  by  various  household  equipment, 
machinery,  etc, , represent  more  serious  sources  of  interference. 
These  articles  of  equipment  and  machinery  are  being  increasing- 
ly replaced  by  contemporary  units  of  greater  output,  higher  speed 
and  consequently  of  increased  noise. 

Extremely  high  noise  levels  are  produced  in  several  indus- 
trial buildings  due  to  various  manufacturing  or  production  pro- 
cesses. 

Table  H,2  presents  averagb  sound  levels  of  characteristic 
noises  produced  in  buildings  (M-6,  6B-32), 

Table  M,2,  Average  noise  levels  of  typical  noises, 
expressed  in  decibels,  produced  in  buildings 


Noise  source 


noise  level, 
dB,  re  0,0002 
microbar 


Large  orchestra  in  a Concert  Hall 


peak  level 
average  level 
minimum  level 


110  (C) 


Radio  music  in  a noisy  Living  Hoorn 


peak  level 
average  level 
minimum  level 


83  (0 
70  (C) 
58  (C) 


Radio  music  in  a quiet  Living  Hoorn 


peak  level 
average  level 
minimum  level 


78  (C) 
65  (C) 
47  (C) 


Speech 


loud  speech  (3'-6'*  distance) 
raised  voice  (3 '-6**  distance) 
normal  speech  (3'*-6"  distance) 
low-toned  conversation  (3*-6" 


80 

74 

68  (C) 


distance) 


60  (C) 
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(Table  M»2  cont'd*} 

Noise  source 

Average  noises  in  Offices 


noise  level, 
dB,  re  0*0002 
microbar 


3 persons 
10  persons 
30  persons 

telephone  ring  (6*-6"  distance) 
typewriter,  standard  (6'«6"  distance) 
typewriter,  noiseless  (6* -6"  distance) 
Office  with  tabulating  machines 

Boiler  Shop 

peak  level 
average  level 

Weaving  Room 

Shoe  Factory 

Woodworking  Shop 


Measured  noise  levels,  as  given  for  instance  in 


55 

(C) 

60 

(C) 

65 

(C) 

75 

(A) 

70 

(A) 

60 

(A) 

78 

(B) 

127 

(C) 

114 

(C) 

104 

(c) 

104 

(C) 

108 

(c) 

Table  M.2, 


provide  us  with  important  clues  whenever  noises  have  to  be  re- 
duced in  the  receiving  room  by  the  use  of  appropriate  so\md 


insulating  enclosures* 


The  noise  level  at  any  position  in  a room  is  made  up  of 
two  parts:  (a)  sound  received  directly  from  the  source,  and 
(b)  the  reflected  or  reverberant  sound  reaching  the  position 
under  consideration  after  repeated  reflections  from  the  bound- 
ary surfaces  of  the  room*  This  is  illustrated  in  Figure  M.3* 
Around  the  noise  source  the  direct  sound  predominates,  gradu- 
ally falling  off  with  increasing  distance  from  the  source 
(M-18)*  Further  away  from  the  noise  source  the  reverberaint 
sound  will  prevail,  being  close  to  equal  strength  throughout 
the  room  (provided  that  the  noise  source  is  non-directional), 
as  illustrated  in  Figure  M.4  (M-18)* 

If  measurements  of  noise  levels  are  required  in  a room,  it 
will  be  necessary  to  ascertain  whether  it  is  the  direct  or  re- 
verberant noise  level  which  is  being  measured  (GB-43)*  In  the 
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Figure  M.3.  Direct  and  reverberant  sound  in  a room*  (Re- 
printed from  Acoustics^  Noise  and  Buildings 
by  P.H*  Parkin  and  H.R*  Humphreys,  Frederick 
A.  Praeger,  New  York,  1958). 


Figure  M.4*  Decrease  in  intensity  of  sound  with  dis- 
tance from  source*  (Reprinted  from  Acous- 
tics, Noise  and  Buildings  by  P*H.  Parkin 
and  H.R.  Humphreys,  Frederick  A*  Praeger, 
New  York,  1958). 
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design-  of  sound  insulating  enclosures  it  will  be  more  important 
to  know  the  reverberant  sound  level  than  the  direct  sound  level 
because  it  is  the  reverberant  sound  that  hits  the  room  enclo- 
sures, and  so  is  more  likely  to  be  transmitted  to  other  rooms 
of  the  buildisic#  If  a room  noise  that  has  been  found  to  be  ex- 
cessive for  the  people  in  the  same  room  has  to  be  reduced,  then 
both  the  direct  and  reverberant  sounds  are  of  Interest  (M-18); 
this  will  be  considered  in  paragraph  ]yi«6«8« 

Outdoor  noises 

Outdoor  noises  are  harmful  contributors  to  noisy  buildings* 
The  most  annoying  noises  of  this  kind  are  produced  by  vehicular, 
railroad  and  air  traffic,  and  transportation*  A preliminary 
noise  survey  always  should  be  made  at  sites  chosen  for  buildings 
in  which  quietness  is  essential  (Churches,  Studios,  Hospitals, 
Schools,  etc*)  In  order  to  make  some  preliminary  allowance  for 
the  required  noise  control  measures  necessitated  by  outdoor 
noises  (M-18)* 

The  advent  of  jet  and  supersonic  aircrafts,  for  both  ci- 
vilian and  military  purposes,  has  introduced  the  most  complex 
types  of  noise  control  problems  that  now  confront  acoustical 
experts  (M-17,  M-23,  M-76,  M-88,  M-95,  M-110,  M-123,  M-127, 
M-128,  M-139,  N-81,  R-25,  R-39).  Aircraft  noises,  particularly 
during  ground  run-up  and  take-off  operations,  affect  not  only 
living  and  working  conditions  around  the  airports  but  also  large 
areas  of  densely  populated  districts,  regrettably  located  along 
air  routes,  are  subjected  to  objectionable  noise  levels  (M-128)# 
Noise  levels  of  aircrafts  under  specified  conditions  are  given 
in  Table  M*l* 

The  noise  level  created  by  vehicular  traffic  will  depend 
on  the  type  of  vehicles,  their  number,  speed  and  the  frequency 
of  their  occurence*  Noise  levels  of  vehicular  traffic  are  given 
in  Table  M*l# 


The  reduction  of  the  intensity  of  outdoor  noises  with  dis- 
tance is  governed  by  the  inverse  souare  law;  a drop  of  6 dB 
will  be  noticeable  every  time  the  distance  between  the  source 
and  recipient  is  doubled  (subsection  C,9).  In  addition,  there 
is  attenuation  due  to  molecular  absorption,  mainly  at  fre- 
quencies above  1000  cps  (M-18). 

Besides  molecular  absorption,  other  weather  factors,  such 
as, wind  and  temperature  gradients,  snow,  clouds,  and  fog  will 
also  affect  the  propagation  of  noise  in  the  open  air  (M-18) . 

An  obstruction  (wall,  embankment,  building,  etc#)  will 
contribute  to  the  attenuation  of  outdoor  noises  only  if  the 
dimension  of  the  obstruction  is  comparable  with  the  wavelength 
of  the  noise;  the  attenuation  provided  by  obstructions  is,  how- 
ever, rather  limited  (M-18,  M-25). 

M.4  Air-borne  sound,  structure-borne  (impact)  sound 

Sound  can  be  produced  (a)  in  the  air,  such  as  the  human 
voice  or  musical  sounds,  (b)  by  impacts,  such  as  the  dropping 
of  objects  on  a floor,  the  slamming  of  doors^  (c)  by  machinery 
vibration,  and  (d)  by  the  flow  of  fluids,  such  as  air  in  ducts 
(M— 26)#  The  sound  thus  generated  at  the  source  will  travel 
through  various  paths  in  a building  (M-4,  M-6,  M-11,  M-17,  M-18, 
M-24,  M-26). 

If  a sound  is  transmitted  through  the  air  only,  it  is  called 
air-borne  sound#A  speaking  person,  a singer, 
the  violin,  the  trumpet,  etc#,  generate  air-borne  sounds#  This 
is  illustrated  in  Figure  M.5  (GB-52). 

If  a sound  source  radiates  its  energy  not  only  through  the 
air  but  also  simultaneously  sets  into  vibration  solid  parts  of 
the  building  structure,  it  is  termed  structure- 
borne  sound,  or  impact  sound.  The  sound  of  a cello, 
double  bass,  and  footstep  noises  represent  typical  structure- 
borne  sounds.  This  is  illustrated  in  Figure  M.6  (GB-52)# 
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Figure  Sound  sources  producing  air-borne  sounds* 
(Reprinted  from  Raum-  und  Bauakustiky 
Larmabwehr  by  W*  Furrer,  Birkhauser  Ver- 
lag,  Basel  1961)* 


Figure  H«6*  Sound  sources  producing  structure-borne 
or  impact  sounds*  (Reprinted  from  Raum- 
und  Bauakustiky  Larmabwehr  by  W*  Furrer^ 
Birkhauser  Verlag,  Basel,  1961)* 
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Similar  to  air-borne  sounds  and  structure-borne  sounds, 
air-borne  noises  are  to  be  distinguished  from  structure-borne 
noises.  From  the  point  of  view  of  a recipient,  structure-borne 
noises  cannot  be  separated  from  air-borne  noises.  Structure- 
borne  noises  trainsmitted  through  the  structure  will  be  re-ra- 
diated  from  certain  building  elements,  such  as  walls,  slabs, 
panels,  suspended  ceilings,  furred-out  plasters,  building 
boards,  etc.,  and  will  eventually  reach  the  recipient  as  an 
air-borne  noise. 

M.5  Transmission  of  noise  in  buildings 

The  transmission  of  air-borne  sound  differs  considerably 
from  that  of  structure-borne  sound  (M-6,  M-18,  GB-32). 

Air-borne  sounds  are  attenuated  considerably  by  air  ab- 
sorption and  also  by  intervening  enclosures  (walls,  floors, 
etc.},  so  that  their  effect  is  confined  mostly  to  areas  near 
their  origin. 

Structure-borne  sounds,  by  setting  solid  parts  of  the 
building  structure  into  vibration,  virtually  multiply  the  area 
of  the  sounu  radiating  surface,  thereby  increasing  the  radiated 
sound  pressure.  Sometimes  this  growth  of  the  area  of  the  sound 
radiating  surface  is  useful,  even  desirable,  e.g.,with  musical 
instruments, such  as, cello,  double  bass,  piano,  etc.  (subsection 
H.3)#  In  many  cases,  however,  this  phenomenon  is  very  harmful. 

A vibrating  heating  pipe  or  water  pipe  alone  would  radiate  a 
very  small  amount  of  air-borne  noise,  due  to  its  limited  sur- 
face; however,  if  these  pipes,  as  UBUPJ.Iy  Is  the  case,  are  ri- 
gidly anchored  to  a wall  or  to  a floor  slab,  additional  large 
surfaces  will  be  set  into  vibration,  greatly  increasing  the 
radiated  noise  and  transmitting  the  vibration  over  surprisingly 
long  distances. 
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The  means  of  suppression  of  air-bonie  noises  (air-borne 
sound  insulation)  are  different  from  those  of  insulating 
structure-borne  noises  (structure-borne  sound  insulation).  A 
boundary  that  provides  good  protection  against  one  type  of 
noise  may  be  a poor  insulator  against  the  other.  It  is,  there- 
fore, important  to  find  out  whether  the  noise  that  has  to  be 
combatted  originates  from  air-borne  sounds  or  from  structure- 
borne  sounds  (M-6,  M-11,  H-52,  H-55). 

M«3«l  Transmission  of  air— borne  noise 

Air-borne  noises  originating  in  the  source  room  can  be 
transmitted  to  the  receiving  room  in  the  following  ways  (M-6, 
M-18,  M-52,  GJ3-29,  GB-52): 

(A)  Along  continuous  air  paths  through  openings;  such  as,  open 
doors  and  windows;  ventilating  ducts  and  ventilating  grilles 
shafts,  crawl  spaces;  gaps  and  cracks  around  doors,  pipes, 
conduits,  electrical  fixtures,  and  built  in  elements,  etc. 
(i3)  By  means  of  forced  vibrations  set  up  in  the  boundaries 

(walls,  floor,  ceiling)  of  the  source  room  and  transmitted 
to  the  boundaries  of  the  receiving  roomj  these  forced  vib- 
rations will  then  be  re— radiated  in  the  receiving  room. 

If  source  room  and  receiving  room  have  a co.amon  boundary 
(partition  wall  or  floor),  the  re-radiated  sound  might  be 
particularly  noticeable  unless  the  boundary  in  question 
offers  sufficient  resistance  to  flexural  vibrations  (i«e., 
it  has  adequate  mass)* 

M*5#2  Transmission  of  structure-borne  noise  and  vibration 

Since  structure-borne  noises  and  vibrations  are  readily 
transmitted  with  little  attenuation  and  over  great  distances 
in  a building,  structure-borne  noises  and  vibrations  should 
be  suppressed  right  at  their  source,  where  possible,  or  as 


344 


cXos6  as  possible  to  it*  This  will  be  accomplished  (M— 6^  K«>18f 
M-55,  M-80,  M-91): 

(a)  by  the  use  oi  adeouately  resilient  flooring  (carpeting^ 
rubber  tile^  cork  tile^  etc* ) to  reduce  impact  trans** 
missions  to  the  floor; 

(b)  by  the  use  of  a segment  of  flexible  (metallic,  rubber, 
or  plastic)  hose  or  canvas  in  pipes,  ducts,  etc*,  to 
prevent  the  transmission  of  vibrations  along  them; 

(c)  by  the  use  of  flexible  mountings,  amti-vibration  pads, 
floating  floors,  etc*,  to  prevent  the  transmission  of 
vibration  and  shock  from  various  machinery  or  ex- 
terior sources  into  nearby  precision  machines,  delicate 

•equipment  or  into  the  building  itself  (discussed  in 
Section  N)* 

M#6  Methods  of  noise  control 

Various  approaches  can  be  followed  to  achieve  an  effective 
and  economical  elimination  or  reduction  of  noises  in  buildings 
(M-1,  M-2,  M-5,  M-8,  M-13,  M-20,  M-22,  M-33f  M-39,  M-48,  M-58, 
N-18,  N-38)*  It  is  becoming  strikin^y  obvious  that  the  fight 
against  the  ever  increasing  number  of  harmful  noises  will  lead 
to  satisfactory  results  only  if  all  those  participating  in  the 
design  of  buildings  will  take  their  share  of  achieving  the 
common  goal  (M-99). 

Noise  control  can  also  be  accomplished  by  means  other  than 
design,  e*g*, through  certain  modifications  of  the  source  or 
transmission  paths,  or  by  adequate  reorganization  of  the  entire 
noisy  area.  These  measures  are  in  the  hands  of  the  manufac- 
turers, office  management,  etc* 

The  various  methods  of  noise  control  will  be  described 
briefly  in  subsequent  paragraphs* 
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N*6*l  Suppression  of  noise  at  the  source 

The  most  economical  noise  control  measure  is  to  suppress 
the  noise  right  at  the  source  by  using  quietly  working  ma- 
chines and  equipment^  and  also  by  adopting  manufacturing  pro- 
cesses or  working  methods  which  will  cause  as  lo^r  a noise  level 
as  possible  (M-16,  N-49#  N-149)#  For  exampley  a change  from  ri- 
veting to  weldingy  or  from  hammering  to  the  use  of  hydraulic 
pressesy  will  eliminate  serious  noises* 

Proper  maintenance  of  machinery  is  always  a good  noise 
control  practice  because  loose  housingsy  guards  and  vibrating 
parts  of  a machine  are  always  noise  sources*  Sometimes  very 
noisy  machines  can  be  enclosed  in  specicdly  designed  housings 
if  they  cannot  be  quieted  directly  (M-78)*  An  enclosure  around 
the  offending  unit  should  (a)  have  weighty  (b)  be  impermeable 
to  airy  and  (c)  be  lined  with  sound  absorbing  material  (M-79y 
N-49,  N-149). 

In  the  design  and  manufacturing  of  competitive  typewriters,, 
vacuum  cleanersy  motorsy  fanSy  compressorsy  boilersy  etc*y  the 
achievement  of  a relatively  noiseless  operation  is  one  of  the 
objectives  (M-11)* 

Footstep  noises  are  easy  to  reduce  at  the  source  by  the 
use  of  soft  floor  finishes;  such  aSyCarpety  corky  rubber  tiley 
vinyl  tiley  etc*  (M-11)* 

H*6*2  Noise  control  by  mestns  of  town  planning 

The  following  are  the  principal  types  of  community  noise: 
(a)  transportation  noisey  (b)  industrial  noisey  and  (c)  noise 
produced  by  people  (H-6y  H-lly  H-88)*  Noises  produced  by  these 
sources  can  be  reduced  by  suitable  layout  of  traffic  arteries 
and  by  careful  segregation  of  residential  districts  from  high- 
waysy  main  streetsy  railwaysy  and  airports  (M»37y  H-59t  M-6ly 
M-65,  R-20y  S-38). 
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Highways  should  he  routed  around^  not  through,  areas  zoned 
for  buildings  requiring  quiet  surroundings  (Churches,  Hospitals, 
Schools,  Residential  Buildings,  etc»)«  Traffic  arteries  and 
railway  tracks  passing  through  quiet-requiring  areas  should  be 
shielded  by  means  of  hi?.ls,  embankments  or  cuttings  along  the 
edges  of  the  route  and  should  be  located  a proper  distance 
from  populated  areas*  They  should  be  planned  to  permit  their 
coordination  with  new  residential  areas  as  need  arises  (M-134)* 
Trains  should  enter  large  metropolitan  centres  by  underground 
routes*  Residential  streets  should  be  protected  from  the  noise 
of  traffic  feeding  the  houses  (M-6,  H-11,  M-139)* 

Contemporary  town  and  community  planning  with  noise  abate- 
ment in  mind(and  its  implementation  through  strictly  enforced 
by-laws  and  zoning  regulations)  will  protect  (a)  the  residents 
from  the  intrusion  of  noise  on  their  privacy,  (b)  the  community 
against  a drop  in  property  value  (and  hence  tax  revenue),  and 
(c)  the  noise  producer  (manufacturer,  operator  of  a noisy  pro- 
cess) from  lawsuits  and  ensuing  expenditures  for  noise  control 
(H-88,  R-20). 

Figure  M*7  shows  recommended  distances  between  various  in- 
dustries and  residential  areas  to  prevent  noise  penetration 
and  air  pollution  (M-139,  R-4,  R-25)* 

M*6*3  Hoise  control  by  means  of  site  planning  and  landscaping 

Experience  shows  that  once  an  outdoor  noise  in  a certain 
area  is  in  existence,  it  will  be  difficult  to  remedy  this  com- 
plaint and  to  eliminate  it  from  that  area*  It  is,  therefore, 
essential  that  buildings  requiring  quiet  sonic  environment 
(Schools,  Hospitals,  Churches,  etc*)  should  be  located  on 
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Figure  M*?*  Chart  showing  recommended  distances  between  var- 
ious industries  and  residential  areas  to  prevent 
noise  penetration  and  air  pollution*  (Reprinted 
from  Archs. • J.,  15  Feb.  1963). 
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quiet  sites,  far  away  from  highways,  industrial  areas,  airports, 
etc.  Under  given  noise  conditions  within  an  area,  adequate 
site  planning,  grading  and  landscaping  of  the  site  can  posi- 
tively contribute  to  noise  attenuation  (M-6,  M-105,  S-30,  S-57). 

Linear  blocks  of  buildings  should  be  built  with  their  ends 
to  traffic  routes,  i«e«,  the  building  should  stand  at  right 
angles  to  the  street  (M-6,  M-139)# 

It  is  always  advisable,  where  possible,  to  set  back  a 
building  from  the  street  line  in  order  to  make  use  of  the  noise- 
reducing  effect  of  the  increased  distance  between  street  line 
and  building  line  (M-6,  M-11,  M-139). 

Buildings  not  particularly  susceptible  to  noises  can  be 
used  as  noise  baffles  and  can  be  placed  between  noise  sources 
and  areas  requiring  quiet  (M— 6,  M-11). 

The  noise  level  at  the  windows  of  upper  floors  of  high 
buildings,  originating  from  street  noise,  is  always  less  than 

that  of  the  lower  floors  (M-6,  M-18). 

Table  M.3  lists  recoiomended  horizontal  distances  between 
a road  carrying  continuous  heavy  traffic  and  rooms  of  different 
occupancies  facing  the  road;  it  is  assumed  that  (a)  there  is 
no  obstruction  between  the  road  and  the  building  containing 
the  room,  (b)  single  windows  have  32  oz  glazing  and  are  tightly 
closed,  (c)  double  windows  consist  of  two  fully  sealed  leaves 
each  of  32  oz  glazing, and  separated  by  a 4"  air  space  with  ab- 
sorbent in  the  reveals,  and  (d)  no  person  in  the  room  is  close 
to  the  window  (M-105)# 
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Table  iPi.3.  Recommended  horizontal  distances  (in  ft) 
between  a road  carrying  heavy  traffic  and  rooms  of 
different  occupancies  facing  the  road*  (Reprinted 
from  Acoustics,  Noise  and  Buildings  by  P*H.  Parkin 
and  H#R.  Hiuiphreys,  Frederick  A*  Praeger,  New  York, 
1958). 
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M*6*4  Noise  control  by  means  of  architectural  design 

Good  architectural  planning  with  attention  paid  to  sound 
control  requirements  is  the  most  logical  and  also  a most  im- 
portant approach  to  effective  and  economical  noise  control  of 
buildings  (M-6,  M-11,  M-19,  M-32,  M-115,  M-117,  M-118,  M-129). 

Rooms  from  which  noise  is  expected, and %hich  can  therefore  to- 
lerate noise  (a)  should  be  isolated  from  sections  of  a build- 
ing that  can  least  tolerate  noise,  or  (b)  should  be  located 
on  those  parts  of  the  site  which  will  probably  be  exposed  to 
other  (interior  or  exterior)  noises*  Conversely,  rooms  re- 
quiring quiet  should  be  located  on  the  quiet  part  of  the  site 
or  side  of  the  building  (GB-43). 

Rooms  (or  buildings)  not  particularly  susceptible  to  noise 
can  be  located  so  that  they  act  as  screens  or  baffles  between 
noisy  and  quiet  areas  (GB-43)* 

In  the  architectural  design  of  Residential  Buildings  the 
rooms  should  be  grouped  into  quiet  quarters  and  noisy  quarters. 

A quiet  quarter  includes  the  habitable  rooms,  in  the  first  place, 
the  Bedrooms  and  Study,  and  in  the  second  place, the  Living  Room* 

A noisy  quarter  contains  the  Kitchen,  Bathroom,  Utility  Room, 
staircase,  elevator  shaft.  Boiler  Room,  Pan  Room,  etc.  In  a Re- 
sidential Building  that  intends  to  be  soundproof,  the  following 
general  design  rules  should  be  observed  (M-6,  Ml-122,  S-30,  S-41, 
GB-29f  GB-43f  GB-52): 

(a)  quiet  and  noisy  quarters  should  be  concentrated  and 
separated  from  each  other  horizontally  and  vertically 
by  means  of  adequate  sound  insulating  enclosures  (dis- 
cussed in  Section  N) , or  by  rooms  not  particularly  sus- 
ceptible to  noises;  such  as, Entry,  Corridor,  Lobby,  cup- 
boards, closets,  staircase,  etc.; 

(b)  a Living  Room  in  one  apartment  should  not  be  adjacent 
to  a Bedroom  in  another  apartment.  Bedrooms  in  a pair 
of  dwelling  units  should  be  adjacent  to  each  other; 
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(c)  Bedrooms  should  be  located  in  a relatively  quiet  part 

of  the  building  and  should  not  overlook  traffic  lines 
or  driveways; 

(d)  a Bathroom  should  be  efficiently  separated  from  a 
Living  Hoorn; 

(e)  the  staircase  should  not  be  adjacent  to  Bedrooms; 

(f)  the  separation  between  quiet  quarters  and  noisy  quart- 
ers should  always  fall  within  the  same  dwelling  unit* 

A design  that  disregards  the  above  recommendations  and  yet 
intends  to  produce  a soundproof  building  will  have  to  use  par- 
ticular sound  insulating  (and  hence  expensive)  walls  and 
floors* 

Figure  M.8  shows  the  floor  plan  of  an  ideally-zoned  Family 
House*  Admittedly  built  with  an  unusual  amount  of  ground  cover- 
age and  expense,  yet  it  clearly  illustrates  the  required  attri- 
butes of  an  acoustically  ideal  home. 

Figure  M*9  illustrates  another  Family  House  with  outstand- 
ing acoustical  privacy. 

Figure  M.IO  presents  typical  floor  plans  of  sound  proof 
Apartment  Houses  in  Stockholm-Hogdalen  and  in  Basel,  incorpor- 
ating most  of  the  required  features  listed  above* 

The  patio  house  and  court-garden  house  provide  a higher 
degree  of  acoustical  privacy  compared  to  the  single-family  de- 
tached house  (M-25)#  This  is  illustrated  in  Figure  M.ll* 

M.6.5  Noise  control  by  means  of  structural  design 

Sensible  structural  design  often  entails  noise  control  re- 
quirements (M-115);  a few  examples  are  given  below  to  sub- 
stantiate this  statement* 

Since  the  sound  Insulation  of  a floor  will  depend  primarily 
on  the  thickness  of  the  structural  slab,  bearing  capacity  can- 
not be  regarded,  therefore,  as  the  sole  criterion  in  establish- 
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Figure  M«8*  Floor  plan  of  an  ideally  zoned  family  house  in 
Louisiana,  clearly  illustrating  features  of  an 
acoustically  ideal  home*  Colbert  and  Lowry,  ar- 
chitects* (Reprinted  from  Community  and  Privacy 
by  S*  Chermayeff  and  C*  Alexander,  Doubleday  and 
Co*,  Garden  City,  II*Y»,  1963)* 
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Pigare  N*9.  Floor  plan  of  a family  house  in  louislanat  with 
outstanding  acoustical  privacy.  R.J.  Neutray  ar- 
chitect* (Reprinted  from  Arch*  Rec*f  Hay  1933)  • 
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Pigure  H«  X0«  Typical  floor  plans  of  soundproof  apart* 

ment  houses*  A:  point  block  in  Stockholm* 
Hogdalcn,  Swadcn;  Architectural  Department, 
HSB*  B:  point  block  in  Basel,  Switzerland^ 
A*  Gfeller  and  H*  Mahly,  architects*  (Re- 
printed from  Wohnhochhauser  by  P*  Peters, 
Georg  D*W*  Callwey,  Munich,  1938)  • 
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Figure  11 • Court^garden  house  providing  a high  degree 

of  acoustical  privacy.  (Reprinted  from  The 
Court-Garden  House  by  N#  Sohoenauer  and  S. 
Seeuan,  McGill  University  Press.  Montreal  • 
1962). 
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ing  its  thickness*  It  must  be  realized  that  a thick  rein- 
forced concrete  slab  in  itself  will  just  provide  a bare  acous- 
tical minimum  for  the  required  horizontal  separation  between 
two  occupancies;  If  a higher  degree  of  acoustical  privacy  is 
aimed  at,  a thickness  of  more  them  5"  should  be  provided* 

The  thickness  of  wall  established  on  the  basis  of  its 
structural  function  alone  often  does  not  meet  the  requirement 
for  adequate  sound  insulation* 

When  buildings  have  to  be  isolated  against  vibrations  ori- 

« 

ginating  from  adjacent  railroad  tracks,  subways,  underground 
Railway  Stations,  or  highways  with  heavy  traffic,  anti-vibration 
pads  are  often  used  requiring  a careful  integration  with  the 
foundation  of  the  respective  building  (N-41}» 

M*6*6  Noise  control  by  means  of  mechanical  design 

Mechanical  installations  and  equipment  can  be  serious  noise 
sources*  The  noise  hazard  will  be  greatly  reduced  if  attention 
is  given  to  following  recommendations: 

(a)  in  the  selection  of  a suitable  heating,  ventilating  or 
air-conditioning  system  and  equipment, preference  should 
be  given  to  silently  operating  systems,  fixtures,,  and 
equipments  (S-41,  6B-69); 

(b)  noise  and  vibration  producing  mechanical  equipment 
(fans,  motors,  etc*)  should  be  accommodated  low  down 
in  the  basement  if  possible*  The  load  bearing  structure 
associated  with  these  equipments  is  likely  to  be  heavy, 
providing  a high  dqgree  of  insulation  against  noises  and 
vibrations  at  a location  where  this  insulation  is  most 
hooded  ( 6B— 43) ; 

(c)  pipes,  ventilating  ducts,  continuous  perimeter  heating 
strips,  etc*,  can  seriously  affect,  often  nullify,  the 
sound  insulating  efficiency  of  enclosures  (M-122); 
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(d)  fixtures  recessed  back«»to-back  in  partition  walls  (med- 
icine cabinetsy  switch  and  outlet  boxeSf  etc*)  should 
always  be  staggered  to  avoid  direct  transmission  of 
sound  through  the  partition  wall  in  question  (S-41); 

(e)  service  pipes  or  mechanical  appliances  should  not  be 
located  close  to  or  recessed  into  enclosures  designed 
to  provide  acoustical  separation*  These  pipes  should 
be  resiliently  anchored  to  walls  or  suspended  from 
ceilings  if  they  are  likely  to  transmit  noises  or  vib- 
rations (M-l?;?,  S-41); 

(f)  ventilating  louvres,  if  used,  should  incorporate  noise 
filters  {M-122). 

The  control  of  mechanical  noises  will  be  discussed  in 
Section  0* 

M*6*7  Noise  control  by  means  of  organization 

If  certain  noises  cannot  be  eliminated,  or  if  It  would  be  un- 
economical to  take  corrective  measures  to  achieve  noise  cont- 
rol, the  situation  can  be  remedied  often  by  way  of  organization; 
e*g*, certain  rooms  overly  exposed  to  excessive  noises  can  be 
regrouped  or  relocated* 

Sometimes  too  many  workers  are  affected  unnecessarily  by 
noisy  machines  scattered  throughout  a Workshop*  If  the  indivi- 
dual machines  cannot  be  modified, it  will  be  advisable  to  con- 
sider the  regrouping  of  the  machines  in  a restricted  area  as 
far  as  possible  from  the  rest  of  the  space  (GB-43)* 

In  other  cases, large  noisy  rooms  should  be  partitioned  off 
from  the  rest  of  the  space* 

Earplugs  or  muffs  have  to  be  used  in  excessively  noisy  areas 
where  no  other  reasonable  means  of  reducing  the  noise  are  avail- 
-able  (M-78,  R-27)» 

Anti-noise  ordinances,  if  strictly  enforced,  constitute 
effective  means  of  combatting  community  noise  by  means  of  or- 


ganization  (R-2);  their  discussion  is  beyond  the  scope  of  this 
study, 

M,6,8  Roise  reduction  by  means  of  sound  absorptive  treatment 

It  was  mentioned  in  pa,ragraph  that  the  noise  level  in 

the  receiving  room  is  made  up  of  the  direct  sound  and  the  re- 
flected or  reverberant  sound. 

The  noise  level  of  the  reverberant  sound  can  be  reduced 
to  a limited  extent  only  by  the  use  of  sound  absorptive  treat- 
ment, This  reduction  in  the  noise  level  due  to  the  installation 
of  sound  absorptive  treatment  is  given  by  the  following  formula 
(assuming  that  the  sound  field  is  diffused  in  the  room): 

Ag 

Reduction^^jg^  level  = ^“SlO  ^ 

2 

where  and  A2  are  the  total  absorptions  of  the  room  in  ft 
units  before  and  after  treatment,  respectively  (M-6,  M-11, 

M-I6),  Figure  M,12  will  facilitate  the  estima,tion  of  the  re- 
duction in  noise  level;  the  change,  i,e, , the  reduction  in  loud- 
ness level,  is  shown  on  the  vertical  axis,  and  depends  on  the  in- 
crease in  absorption  units  plotted  on  the  horizontal  axis  (M-16), 
Figure  M,12  clearly  shows  that  it  will  be  necessary  to  double 
the  amount  of  existing  absorption  in  the  receiving  room  in  or- 
der to  obtain  a reduction  of  3 dB  in  the  reverberant  noise 
level.  If,  by  installation  of  various  acoustical  materials, 
the  absorption  of  the  room  can  be  increased  by  a factor  of  ten, 
the  reverberant  sound  level  will  be  reduced  by  10  dB,  Figure 
M,15  illustrates  that  a reduction  of  3 dB  in  the  noise  level 
means  a 22  ^ reduction  in  loudness,  and  a reduction  of  10  dB 
in  the  noise  level  will  produce  a 54  ^ reduction  in  loudness 
(M-16,  M-31,  GB-43).  This  Figure  also  indicates  that  once  a 
10  dB  reduction  has  been  achieved,  very  little,  if  any,  addi- 
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Figure  M,  12, 

Change  (reduction)  in 
loudness  level  due  to  the 
use  of  sound  absorptive 
treatment  in  a room*  (Re- 
printed from  Noise  Reduc- 
tion Manual  by  P.H. Geiger, 
Engineering  Research  In- 
stitute, University  of 
Michigan,  1956). 


Figure  M.  13. 

Change  ( reduction)  in 

loudness  due  to  the  use 
of  sound  absorptive 
treatment  in  a room*  (Re- 
printed from  Noise  Heduo- 
tion  Manual  by  P.H. Geiger, 
Engineering  Research  In- 
stitute, University  of 
Michigan,  1936)* 
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tional  reduction  in  noise  level  can  be  expected  in  a room  by 
the  of  sound  absorptive  treatment. 

The  use  of  sound  absorbing  materials  in  the  receiving  room 
should  not  be  regarded  as  a substitute  or  cure  for  deficient 
sound  insulation  (M-6). 

Introducing  as  much  sound  absorptive  treatment  as  is  con- 
venient in  the  receiving  room  has  the  follo\fing  advantages 
(M-6,  M-8,  M-11,  M-79,  M-126,  S-141,  S-149,  S-163,  GB-43): 

(a)  the  receiving  room  will  be  quieter  except  for  those 
located  in  the  direct  sound  field; 

(b)  it  will  reduce  the  overall  sound  level.  Less  sound 
energy  will  fall  on  the  room  enclosures  which  will  re- 
sult in  reduced  noise  transmission  to  adjacent  rooms. 

The  acoustical  power  esqpended  on  speaking  can  be  re- 
duced, etc.; 

(c)  it  will  tend  to  localize  noises  to  the  area  of  their 
origin.  This  is  particularly  advantageous  in  V/orkshops 
with  machines  of  various  noise  levels;  the  operator  of 
a relatively  ouiet  machine  will  not  be  so  annoyed  by 
the  noise  from  a noisier  but  remote  unit; 

(d)  the  R.T.  will  be  reduced  in  the  room;  this  is  parti- 
cularly beneficial  in  rooms  with  transient  noises  (e.g., 
a burst  of  riveting,  a hammer  stroke,  etc.},  because 
the  reverberation  of  these  transient  noises  will  be  re- 
duced. In  addition,  this  will  permit  better  mental  lo- 
calization of  sound  sources,  reducing  the  feeling  of 
confusion,and  improving  the  sense  of  well-being  for 
workers  in  noisy  rooms. 

The  sound  absorbing  materials  to  be  used  for  noise  reduct- 
ion purposes  in  a room  are  the  same  as  those  described  in  Sec- 
tion E (M-62,  M-114).  The  absorbents  should  be  installed  as 
close  as  possible  to  the  noise  sources.  If  available  room  sur- 
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faces  do  not  provide  sufficient  area  for  sound  absorbing  mat- 
erials, the  use  of  space  absorbers  is  recommended  (subsection 
E.4). 

Since  the  sound  absorption  coefficient  of  acoustical  mater- 
ials vary  with  frequency,  the  noise  reduction  achieved  will  also 
be  different  at  various  frequencies  (M-6,  M-ll).  This  must  be 
considered  in  the  selection  of  appropriate  absorbent  treatment 
(M-79). 

Noise  control  by  means  of  sound  insulating  building  con- 
struction 

This  will  be  the  subject  of  Section  N* 

M.6.10  Noise  control  with  masking  noise 

In  many  situations  annoying  noise  control  problems  can  be 
cured  only  by  drowning  out  (or  masking)  unwanted  noises  by  the 
use  of  artificially  created  background  noise*  This  artificial 
noise  is  often  referred  to  as  "acoustical  perfume",  even  though 
the  term  "acoustical  deodorant"  would  be  more  appropriate;  it 
will  suppress  minor  intrusions  which  might  interrupt  the  re- 
cipients* privacy* 

Noise  from  ventilating  systems,  from  traffic  or  from 
general  office  activities  will  contribute  to  the  production 
of  artificial  masking  noise  (0-86,  R-6,  R-13,  R-15,  R-22,  S-19, 
GB-69)* 
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If  none  of  the  noise  control  methods,  described  briefly  in 
subsection  M.6,  can  be  followed,  then  the  transmission  of  air- 
borne noises,  structure-borne  noises,  impact  noises,  or  vibra- 
tions, can  be  i*ntercepted  only  by  the  use  of  sound  insulating 
enclosures  including  walls,  floors,  doors  and  windows  (N-1, 
N-2,  N-5,  N-4,  N-5,  N-6). 

In  subsequent  discussions, th^  term  ”p  a r t i t i o n»» 
means  any  enclosure  (wall,  floor,  door,  or  window)  that  sepa- 
rates horizontally  or  vertically  either  source  room  from  re- 
ceiving room  or  any  other  two  spaces. 

N.l  Insulation  against  air-borne  sound 

: h.l.l  Transmission  loss 

The  transmission  loss  (abbreviated:  TL)  of  a partition, 
stated  in  decibels,  is  a measure  of  its  sound  insulation 
(GB-73);  it  is  equal  to  the  number  of  decibels  by  which  sound 
energy  incident  on  the  partition  is  reduced  in  transmission 
through  it.  The  numerical  value  of  the  TL  depends  on  the  con^ 
struction  of  the  partition  only;  it  is  independent  of  the  a— 
coustical  properties  of  the  two  spaces  separated  by  the  par- 
tition  (N-X,  N-3,  N-32,  N-54,  M-93,  H-126,  GB-21,  G3-34). 

f 

N.l. 2 Single-leaf  partitions 

The  TL  of  homogeneous  single-leaf  partitions  that  are 
damped  (so  that  they  do  not  ring  when  struck  with  a hammer) 
will  depend  primarily  on  the  product  of  the  surfa.ce  weight 
of  the  partition,  measured  in  lb  per  ft^,  and  the  frenuency. 
The  TL  of  such  partitions  can  be  determined  from  the  mass  law 
curve,  illustrated  in  Figure  N.l  (GB-34).  This  curve  assumes 
that  the  sound  hits  the  partition  uniformly  from  all  direc- 

J tions  (random  incidence).  The  Figure  shows  that  for  damped, 

L 
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Figure  Transmission  loss  for  solid  damped  single- 
leaf  partitions*  The  average  TL  may  be  de- 
termined from  this  graph  by  assuming  a 
frequency  of  500  ops.  (Reprinted  from  Acous- 
tics by  L*L*  Beraneky  McGraw-Hill  Book  Co*. 
New  York,  1954). 
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single-leaf  partitions  the  TL  increases  about  5 dB  for  each 
doubling  of  frequency  or  doubling  of  weight  (N-4f  N-54f  N-126, 
GB-34,  GB-43). 

Table  N.l  shows  the  surface  derisitLes  of  common  building 
materials,  per  1”  thickness  (N-70,  GB-54)» 


Table  N«l»  Surface  dcnsUies  of  common 
building  materials,  per  1”  thickness 


Material 

Surface  weight 
lb/ft2 

Acoustic  tile 

1-1.5 

Aluminum 

14 

Asbestos  board  (Transits) 

9 

Brick 

Concrete 

9-12 

dense 

12 

cinder 

6-9 

Haydite 

7-8 

Vermiculite 

2-7 

Cork  board 

0.7 

Glass 

13 

Gypsum 

5 

Hollow  clay  tile 

4-6 

Lead 

Plaster 

59 

light-weight  aggregate 

5 

sand  aggregate 

9 

Steel 

Wood 

40 

timber 

2-5 

fir  plywood 

3 

It  must  be  noted  that  the  TL  for  single-leaf  partitions, 
regardless  of  their  weights,  cannot  be  increased  limitlessly 
because  of  unavoidable  paths  of  flanking  transmission  (dis- 
cussed in  paragraph  N*l*6,  and  illustrated  in  Figure  N.4)» 
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To  achieve  am  effective  TL  of  a partition,  it  is  necessary 
that  it  be  impervious  to  air  flow.  Vails  built  of  various  po- 
rous concrete  blocks  will  not  yield  a TL  in  accordance  with 
their  weight  and  predicted  from  Figure  N.l,  due  to  their  po- 
rosity. However,  the  TL  of  a porous  partition  may  be  consider- 
ably improved  by  the  use  of  a sealant  (plaster,  oil  paint,  ce- 
ment-base paint,  etc.)  on  its  exposed  surfaces  (£-6,  N-32,  N-14l)« 

There  is  a limitation  of  the  mass  law  curve,  shown  in  Fig- 
ure H.l,  brought  about  by  a special  condition  called  coincidence 
effect.  Under  this  condition, the  effective  TL  of  a partition 
will  be  considerably  lower  at  certain  frequencies  than  the  mass 
law  would  predict  (£-70,  N-126).  The  coincidence  effect  becomes 
detrimental  if  the  critical  frequency  range  (called  coincidence 
frequency),  at  which  the  partition  is  substantially  transparent 
to  the  passage  of  sound,  falls  in  the  range  of  audibility.  The 
coincidence  effect  can  be  reduced  or  limited  if  the  coincidence 
frequency  can  be  kept  outside  the  important  subjective  range  of 
freauencies;  this  will  be  achieved  by  the  use  of  thick  and  very 
stiff  walls  or  by  heavy  and  limp  walls,  with  reduced  stiffness 
(M-18,  H-70,  K-97). 

Additional  information  on  the  methods  of  improving  the  TL 
of  partitions  is  available  from  many  sources  (N-9>  N-12,  N-73> 
N-75,  N-84,  N-86,  N-98,  N-111,  N-136,  N-141,  N-144,  N-154). 

N.l. 3 Multiple  partitions 

To  achieve  a significant  improvement  over  the  basic  TL  of 
a single-leaf  partition,  it  will  require  doubling  or  tripling 
its  mass.  An  increase  of  this  extent  in  the  weight  and  thickness 
of  an  enclosure  is  obviously  prohibitive,  due  to  its  functional, 
spatial,  structural,  and  hence  economical  consequences. 

If  a high  degree  of  sound  insulation  is  required,  it  will  be 
advisable,  therefore,  to  use  a partition  of  multiple  construe- 
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tioxLf  built  of  two  or  three  separated  leaves  (H-69  N-lii  N-29 
K-3,  N-4,  N-23,  U-32,  GB-52). 

Multiple  partitions  will  provide  a higher  XL  than  would  he 
eiqpected  from  their  weight  alone,  particularly  at  the  hi^er 
frequencies,  (a)  if  the  separation  between  the  leaves  has  been 
consistently  secured,  (b)  if  the  distance  between  the  leaves 
has  been  reasonably  determined,  (c)  if  sound  absorbing  material 
is  properly  mounted  in  the  air  space,  and  (d)  if  an  efficient 
sound  insulating  or  vibration  isolating  material  is  used  between 
the  leaves  of  the  partition  and  the  building  structure  (M-6, 
M-32,  GB-21)*  Figure  N*2  shows  the  improvement  in  IL  for  mul- 
tiple partitions  with  air  space  over  sin^e  leaf  partitions  of 
the  same  total  weight  (N-126)* 

It  must  be  noted  that  the  curves  shown  in  Figure  N*2  do  not 
indicate  certain,  sometimes  surprising,  dips  which  might  occur 
in  the  TL  of  multiple  partitions  at  certain  frequency  ranges, 
as  a result  of  a resonance  effect*  This  is  caused  by  the  coup- 
ling of  the  two  leaves,  partly  due  to  the  air  space  between  the 
leaves,  and  partly  due  to  the  structural  connection  between  the 
leaves*  By  selecting  the  proper  material  and  thickness  of  the 
leaves  with  adequate  separation  between  them,  the  resonance 
effect  can  be  minimized  and  shifted  to  less  critical  frequency 
ranges  (M-37,  h-126,  GB-32)* 

li*l*4  Composite  partitions 

If  a door,  window  or  opening  has  to  be  incorporated  into  a 
wall,  the  overall  sound  insulation  of  the  resulting  composite 
partition  is  determined  primarily  by  its  weakest  link* 

Various  methods  and  simplified  diagrams  are  available  for 
the  rapid  calculation  of  the  composite  insulation  of  partitions 
made  up  of  several  elements  with  differing  IL  values  (H-18, 

M-1,  h-76,  M-126,  GB-34). 
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Figure  N«2«  Improvement  in  TL  for  multiple  partitions  with 
air  space,  over  single-leaf  partitions  of  the 
same  total  weight*  (Reprinted  from  Noise  Con- 
trol, July  1957). 


N.1.3  Measurement  of  transmission  loss 


The  air-borne  sound  insulation  of  any  partition  varies  with 
frequency,  and  it  is  therefore  necessary  that  TL  measurements 
be  made  over  a frequency  range  covering  those  frequencies  likely 
to  be  important  in  noise  control  problems*  Measurement  of  TL 
can  be  made  in  a laboratory  or  in  the  field  (N-32,  N-126). 

For  laboratory  measurement  of  the  TL  of  various  enclosures 
(walls,  floors,  doors,  windows,  etc.)  contemporary  testing  fa- 
cilities are  available  at  the  National  Research  Council,  in 
Ottawa  (Division  of  Building  Research)*  In  the  U*S*A.,the  follow- 
ing are  considered  as  accredited  testing  laboratories  for  the 
measurement  of  TL:  the  National  Bureau  of  Standards  in  Washington, 
D.G.;  the  Riverbank  Acoustical  Laboratory  in  Geneva,  111*;  and 
the  Geiger  and  Hamme  Laboratory  at  the  University  of  Michigan. 

For  laboratory  measurement, the  test  specimen,  which  is  to 
typify  an  enclosure,  must  be  large  enough  to  include  all  the 
essential  constructional  elements*  It  is  usually  installed  in 
a manner  as  similar  as  possible  to  an  actual  construction*  Meas- 
urements of  TL  are.  normally  made  at  the  following  iiine  frequencies 
125,  175f  250,  350,  500,  700,  1000,  2000  and  4000  cps*  Test  re- 
sults are  issued  in  the  report  of  the  laboratory,  including  the 
following  (M-18,  N-94,  N-126): 

(a)  description  of  the  test  specimen  and  all  the  essen- 
tial constructional  elements  (composition  of  plaster 
mixes,  methods  of  application,  surface  finish,  etc.); 

2 

(b)  test  specimen  size,  including  thickness,  weight  per  ft 
of  surface,  and  mounting  conditions; 

(c)  test  results  reported  as  the  TL  at  the  freouencies  lis- 
ted above*  If  an  average  TL  is  reported  it  should  be 
the  arithmetic  mean  of  the  values  obtained  at  these 
nine  test  frequencies; 

(d)  a statement  whether  measurements  have  been  performed  by 
means  of  warbled  tones  or  by  noise  (paragraph  E.9.2); 
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(e)  a statement  that  the  test  was  conducted  in  accordance 
with  the  latest  ASTM  Standard;  any  deviation  from  the 
recommended  practice  will  be  listed  in  the  report  and 
explained* 

Average  TL  values,  included  in  laboratory  reports, provide 
a simple  and  convenient  method  of  rating  for  quick  acoustical 
evaluation  of  enclosures*  However,  an  average  TL  of  the  nine 
test  frequencies  does  not  always  exhibit  an  unambiguous  picture 
of  the  acoustical  performance  of  the  partition  under  consider- 
ation* For  example,  two  different  partitions  with  different 
transmission  losses  at  vital  frequency  readings  but  with  the 
same  average  TL  value,  could  be  erroneously  considered  as  acous- 
tically identical  constructions  against  air-bome  noises  if 
their  average  TL  were  regarded  as  a characteristic  of  their 
sound  insulative  performance*  Diagrams  "A”  and  in  Figure 
N*3  show  the  TL  curves  of  two  such  partitions,  both  having  by 
chance  a nine  frequency  average  TL  rating  of  30  dB*  On  the  basis 
of  their  average  TL  ratings  these  two  partitions  seem  to  be 
equal  even  though  partition  "B**  shows  a serious  deficiency  (dip) 
in  the  vital  frequency  range  of  700  to  1500  cps. 

To  avoid  the  often  misleading  attribute  of  an  average  TL 
value,  the  revised  ASTH  Standard  £ 90-61T  has  adopted  a new 
type  of  single-figure  rating,  called  the  Sound  Transmission 
Class  (abbreviated:  3TC)  contour  which  insures  that  at  no  fre- 
quency will  the  TL  of  a partition  be  less  than  the  level  corres- 
ponding to  the  STC,  thus  eliminating  ambiguities  of  an  average 
TL  vedue*  Plotted  on  a conventional  (semilog)  paper,  the  STC 
contours  consist  of  horizontal  segments  from  1400  to  4000  cps, 
at  a level  corresponding  to  the  STC;  a middle  segment  that  de- 
creases 6 dB  from  1400  to  350  cps;  and  a low  frequency  segment 
that  decreases  14  dB  from  350  to  125  cps  (K-95)  • STC  contours 
30  and  19  are  shown  on  diagrams  ”C**  and  "D**  respectively  of 
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Figure  N#3»  The  average  TL  of  a partition  often  does  not  re- 
present a true  characteristic  of  its  insulating 
performance  against  air-borne  sounds*  Average 
TL  values  of  partitions  ”A”  and  **B”  are  the  same^ 
both  having  an  average  TL  of  30  dB*  Corresponding 
STC  contours  and  however,  reveal  the  su- 
periority of  partition  **A”  over  partition 
(Reprinted  from  Freedom  from  Distraction,  Hough 
Manufacturing  Corporation,  Janesville,  Wisconsin, 
1963) . 


Figure  N.5#  as  corresponding  contours  to  partitions  "A**  and 
"B”  respectively,  overlaid  on  the  corresponding  TL  curves. 

It  will  be  obvious  froia  these  diagrams  that  partition  ”A*‘, 
representing  an  STC  of  30, is  far  superior  to  partition  "B” 
which  represents  an  STC  of  19  only. 

According  to  revised  ASTM  Standard  E 90-61T,  two  ratings 
are  given  for  each  product  in  the  laboratory  reporting:  . 

(a)  the  STC,  and 

(b)  the  nine  freouency  arithmetic  average,  for  comparison 
with  previous  data  and  for  dealing  with  specifications 
still  based  on  this  index. 

The  preferred  criterion,  however,  is  the  STC  rating. 

A slight  increase  in  the  accuracy  of  an  average  TL  figure 
can  be  provided  by  making  an  approximate  allowance  for  the 
average  increase  in  insulation  per  octave,  i.e.,for  the  "slope” 
of  the  insulation.  It  has  been  found  that  a slope  of  10  dB  per 
octave  makes  a partition  2.5  to  3 dB  less  effective  in  reduc- 
ing the  loudness  of  speech  or  music  than  a partition  of  the 
same  average  TL  but  with  a slope  of  5 dB  per  octave  (R-4). 

Even  though  laboratory  tests  for  the  measurement  of  TL  are 
conducted  under  ideal  testing  conditions  and  according  to  a 
predetermined,  well  organized  procedure,  it  is  the  field  meas- 
urement that  can  tell  the  actually  achieved  isolation  designed 
on  the  basis  of  laboratory  TL  data  (N-66).  Experience  has  prov- 
ed that  the  noise  reduction  of  partitions  acnieved  on  the  job 
frequently  falls  short  of  the  degree  predicted  on  the  basis 
of  laboratory  tests.  This  happens  because  (a)  the  size  of  the 
partition  being  measured  in  the  field  is  usually  different 
from  the  test  sample,  and  (b)  there  is  always  some  difference 
between  edge-fixing  conditions  in  the  field  and  in  the  labora- 
tory. In  the  field, the  sound  leakage  through  unpredictable 
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flanking  paths  may  be  comparable  to  or  greater  than  that  trans- 
mitted through  the  partition  itself#  In  spite  of  these  dis- 
crepancies, field  measurements  still  constitute  an  important 
tool  in  the  evaluation  of  the  acoustical  performance  of  en- 
closures (1^-59#  N-66). 

Additional  information  on  the  measurement  of  TL  of  various 
enclosures  is  available  from  many  sources  (K-8,  K-11,  N-13, 

N-15,  N-20,  N-21,  N-22,  N-29,  N-30,  N-37,  N-51,  N-58,  K-61, 

N-64,  N-69,  N-74,  N-78,  N-99,  N-159). 

li#l#6  lioise  reduction  of  enclosures 

It  has  been  mentioned  that  the  TL  is  determined  by  the  phy- 
sicsil  properties  of  a partition,  irrespective  of  the  acoustical 
properties  of  the  rooms  separated  by  the  partition. 

Noise  reduction  (abbreviated:  NR)  is  a more  general  term 
than  TL  for  specifying  sound  insulation  between  rooms  because 
it  takes  into  account  the  effects  of  the  various  transmission 
paths  between  source  room  and  receiving  room  and  also  the  acous- 
tical properties  of  these  rooms  (N-16,  N-52,  N-54,  N-55,  N-126, 
GB-34). 

The  NR,  expressed  in  decibels,  is  given  by  the  follov/ing 
formulae  (N-126): 

NR  = - SPLg  f or 

A2 

NR  = TL  + 10  log^Q  ~ 

vr 

where  SPL^and  SPLg  are  the  average  sound  pressure  levels 

(measured  by  a sound  level  meter)  in  ^he  source  room 
and  in  the  receiving  room,  respectively, 

2 

is  the  total  acoustical  absorption,  in  ft  units, 
in  the  receiving  room  (as  described  in  subsection  D.3), 
and 

2 

is  the  area  of  the  partition,  in  ft  , common  to  both 


rooms. 
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The  NR  may  be  larger  or  smaller  than  the  TL,  depending  on 
the  relationship  between  acoustical  absorption  and  partition 
area  in  the  receiving  room.  If  all  boundary  surfaces  in  the 
receiving  room  are  completely  absorbent,  the  NR  will  exceed 
the  TL  by  6 dB,  in  which  case  NR  = A + 6 dB. 

Various  nomograms  are  available  in  the  published  litera- 
ture for  quick  determination  of  the  NR  between  two  rooms  (N-126). 

The  NR  provided  by  a partition  between  source  room  and  re- 
ceiving room  will  be  reduced  mostly  by  the  so-called  "flanking 
transmission",  i.e.,the  sound  traveling  through  any  of  the 
following  flanking  paths  (N-40,  N-42,  N-54,  N-82,  R-15): 

— side  walls; 

— floors; 

— openings  in  the  partition  created  by  joints  between  pre- 
fabricated, or  movable  elements,  cracks,  etc.; 

" joint  between  partition  and  mullion; 

— openings  in  the  partition  for  doors  or  windows; 

— ceiling  plenums,  perforated  ceilings  without  noise 
barriers,  cross-connected  ceiling  ducts; 

— openings  in  the  partition  necessitated  by  wiring,  plumb- 
ing, heating,  ventilating  or  air-conditioning  ducts  and 
recessed  fixtures; 

— cross-connected  (continuous)  heating  units; 

— spandrel  beams. 

Many  of  these  paths  of  transmission  are  illustrated  in 
Figure  N.4  (N-52,  R-15). 

N.2  Insulation  against  structure-borne  sound.  Measurement  of 

impact  noise 

Insulation  against  structure-borne  noise  or  impact  noise, 
as  described  in  paragraph  Mo5.2,  will  be  achieved  by  the  use 
of  (a)  a soft  floor  finish,  or  (b)  a floating  floor  (paragraph 
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Figure  N«4*  Transmission  of  noise  between  adjacent  rooms 
through  flanking  paths*  (Reprinted  from  Arch* 
Rec*9  June  1939} • 
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N*3*2).  A soft  floor  finish  does  not  provide  extra  insulation 
against  air-borne  sounds;  a floating  floor,  on  the  other  hand, 
will  improve  the  air-borne  sound  insulation  of  an  enclosure 
(N-1,  N-3,  N-33,  N-53,  N-160,  GB-29,  GB-43,  GB-52). 

The  measurement  of  impact  noise  is  quite  different  from 
that  of  air— borne  noise*  The  insulation  against  impact  noise 
provided  by  a given  floor  can  be  determined  by  means  of  a 
standard  ” tapping”  machine  which  produces  a series  of  uniform 
impacts  at  a uniform  rate  on  the  floor  under  test  (N-59,  N-160, 
GB-29f  GB-52).  The  impact  sound  pressure  levels  will  be  measured 
in  the  receiving  room  below  and  analyzed  into  bands  of  frequency 
so  that  a curve  can  be  plotted  showing  sound  levels  in  the  re- 
ceiving room.  The  lower  the  measured  sound  levels  are  In  the  re- 
ceiving room, the  more  insulative  the  floor  is  against  impact 
noise.  Figure  N.5  illustrates  the  practical  application  of  the 
tapping  machine  (N-160).  This  Figure  shows  a curve  of  maximum 
acceptable  impact  sound  pressure  levels  for  floor  constructions 
in  built  Apartment  Houses,  due  to  tapping  the  floor  overhead 
with  the  standard  tapping  machine,  as  recommended  by  the  Feder- 
al Housing  Administration  (Washington,  D.C.).  Since  the  tapping 
machine  might  be  used  in  differently  furnished  apartments,  the 
FHA  recommends  that  the  measurements  be  normalized  to  a re- 
ceiving room  R.T.  of  T^  » 0.5  sac;  this  is  necessary  because 
the  amount  of  sound  absorbing  material  in  the  receiving  room 
will  have  an  effect  on  the  measured  sound  levels  (as  described 
in  paragraph  W.6.8). 

Additionr.l  information  regarding  the  research  work  on  im- 
pact noise  has  been  presented  in  several  articles  (N-14,  H-22, 
N-26,  N-44,  N-47,  N-48,  N-60,  N-161,  N-167,  N-171,  N-185,  N-202). 

Vibration  control  will  be  discussed  in  Section  P. 
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Figure  N#5*  According  to  PHA  recommendations  impact  sound  pres- 
sure levels  in  the  receiving  room  below  floor  con- 
struction of  Apartment  Building,  on  which  a stan- 
dard tapping  machine  is  operating,  should  not  ex- 
ceed the  curve  shown  in  heavy  line*  (Reprinted  from, 
Impact  Noise  Control  in  Multi family  Dwellings  by 
Bolt,  Beranek,  and  Newman  Inc.,  Cambridge,  Mass., 
Jan.  196^). 
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N.3  Sound  insulating  building  constructions 
N.3.1  Walls 

It  cannot  be  stressed  too  strongly  that  maximum  insulation 
against  air-borne  noise  cannot  be  expected  from  a partition 
wallf  unless  (N-96,  N-105t  W-113f  N-150,  N-151#  R-15)5 

(a)  it  is  installed  as  a complete,  uninterrupted  barrier; 

(b)  it  is  effectively  sealed  around  its  edges  and  between 
its  elements,  if  any; 

(c)  it  has  uniformly  distributed  mass  over  its  entire  area; 
and 

(d)  it  is  either  built  from  structural  slab  to  stnictural 
slab,  or,  if  constructed  up  to  a suspended  ceiling 
only,  adequate  measures  have  been  taken  for  the  acous- 
tical restoration  of  its  missing  portion  above  the 
suspended  ceiling* 

Figure  N*6  shows  average  TL  values  for  various  typical 
single-leaf  and  multiple  partitions  (walls  and  floors)  mea- 
sured in  laboratories  and  in  the  field*  The  TL  values  of  the 
partitions  are  arithmetic  averages  of  the  measured  trans- 
mission losses  at  a number  of  representative  frequencies, 
mostly  extending  from  125  to  2000  cps*  The  vertical  height 
of  each  partition  construction  illustrated  represents  the 
range  of  TL  that  may  be  encountered  in  practice* 

Table  N*2  lists  average  air-borne  transmission  losses 
of  typical  wall  constructions  (H-122)* 
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Figure  N«6*  Average  transmission  losses  for  typical  single- 
leaf and  multiple  partitions  as  measured  in  la- 
boratories and  in  the  field*  The  vertical  hei^t 
of  each  construction  shown  in  the  Figure  repre- 
sents the  range  of  TL  that  may  be  ejqpected  in 
practice*  (Reprinted  from  Acoustics  by  L*L*  Ber- 
anekp  HcGfraw-Hill  Book  Co*f  Rev  York,  1954)* 
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Table  N.2.  Average  TL  of  typical  wall  constmctions 
for  air— borne  noises*  (Reprinted  from  Noise  Trans- 
mission in  Buildings  by  T.D.  Northwood,  Canadian 
Building  Digest,  Division  of  Building  Research, 

National  Research  Council,  Ottawa,  Oct.  I960). 

A.  Transmission  loss  50  dB  or  more. (Recommended  between 

critical  areas  of  adjoining  dwellings). 

1.  Single  masonry  wall  weighing  at  least  80  Ib/ft^ 
including  plaster  if  any. 

2.  Masonry  cavity  wall  - 2 leaves  of  masonry  spaced 
at  least  2"  apart,  each  leaf  weighing  at  least 
20  lb/ft2  e . leaves  tied  together  with  butter- 
fly ties  at  2 ft  centres. 

3.  Composite  wall  - basic  wall  masonry  weighing  at 
least  22  lb/ft2  e • on  one  side  of  basic  wall  an 
additional  leaf  consisting  of  i*'  gypsum  lath 
mounted  with  resilient  clips,  -J”  sanded  gypsum 
plaster. 

4.  Stud  wall  - 2**  X 4"  studs;  on  each  face  -Jr"  gyp- 
sum lath  mounted  with  resilient  clips,  •i’**  sanded 
plaster;  paper-wrapped  mineral  or  glass  wool 
batts  between  studs. 

5.  Staggered  stud  wall  - 2”  x 3"  studs  16"  o.c.  on 
common  2"  x 6"  plate;  on  each  face  4r**  gypsum 
lath,  i”  sanded  gypsum  plaster;  paper-wrapped 
mineral  or  glass  wool  batts  between  one  set  of 
studs* 

B*  Transmission  loss  45  to  49  dB*  (Recommended  between 

non— critical  areas  of  adjacent  dwellings.) 

1.  Single  masonry  wall  weighing  more  than  36  Ib/ft^ 
including  plaster  if  any  •* 

2*  Composite  masonry  - as  in  A. 3 except  gypsum  lath 
supported  on  furring* 

3*  Staggered  stud  dry  wall  — 2 sets  of  2"  x 3”  studs 
16"  o.c.  on  common  2"  x 4”  plate;  on  each  face 
2 layers  of  5/8"  gypsum  wallboard,  the  first 
layer  nailed j,  the  second  cemented;  joints  stag- 
gered and  both  sets  sealed;  mineral  or  glass  wooX 
blanket  or  batts  in  the  interspace* 
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(Table  cont'd.) 

C*  Transmission  loss  40  to  44  dB* 

!•  Single  masonry  wall  weighing  at  least  22  lb/ft2 
including  plaster  if  any. 

D.  Transmission  loss  35  to  40  dB. 

1.  Stud  wall  - 2"  X 3”  or  2"  x 4”  studs,  3/8”  gyp- 
sum lath  and  sanded  gypsum  plaster. 

2.  Stud  wall  - 2”  x 3”  or  2”  x 4”  studs,  2 layers 

of  3/8"  plasterboard,  the  first  layer  nailed,  the 
other  cemented;  joints  staggered. 


• If  porous  blocks  are  used  one  face  of  each  block 
section  must  be  sealed  with  plaster  or  heavy  paint. 

Additional  published  information  on  the  acoustical  perform- 
ance of  various  wa3.1  constructions  is  available  from  many 
sources  (N— 1,  N-3t  N-4,  N-6,  N-28,  N-32,  N-41,  N-42,  N-65, 

K-69,  N-70,  N-85,  N-86,  N-96,  N-97,  N-99f  N-lOO,  N-104,  N-106, 

N-107,  N-109,  N-110,  N-111,  N-112,  N-115f  N-119f  M-120,  N-121, 

N-122,  N-124,  N-126,  N-127,  N-128,  N-131,  N-133,  N-134,  N-136, 

N-137,  N-142,  N-143f  N-148,  N-150,  N-154,  3-35,  GB-3f  GB-6, 

GB-9,  GB-19,  GB-20,  GB-21,  GB-25,  GB-27,  GB-28,  GB-29,  GB-52, 
GB-61,  GB-62). 

N.3«2  Floors,  ceilings 

A good  floor  will  provide  both  satisfactory  air-borne  and 
impact  sound  insulation.  A floor  that  ensures  an  acceptable 
noise  level  (in  the  room  below  the  floor  under  consideration) 
due  to  impacts,  might  be  unsatisfactory  as  regards  edr-borne 
sound  insulation.  On  the  other  hand,  a very  heavy  bare  concrete 
floor  will  give  satisfactory  insulation  against  air-borne 
noises  but  will  not  necessarily  provide  an  acceptable  insulation 
against  impact  noises  from  the  room  above  (N— 33)* 


The  most  common  floor  constructions  are: 

(a)  wood  joist  floors  (N-35»  N-70,  N-128); 

(b)  structural  concrete  floors  (N-33,  N-70,  N-128); 

(c)  floors  supported  by  steel  joists. 

The  sound  insulating  quality  of  floors  can  be  improved 
as  follows  (N-163): 

(a)  by  the  use  of  a soft^  resilient  surface;  this  has  neg- 
ligible effect  on  the  air-borne  sound  insulation  of 
the  floor; 

(b)  by  using  a floating  floor;  this  provides  substantial 
improvement  against  impact  noise  Euid  a useful  increase 
against  air-borne  noise; 

(c)  by  installing  a suspended  ceiling;  this  will  improve 
the  insulation  against  both  air— borne  and  impact  noises 
by  an  cuaount  depending  on  the  wei^t  of  the  suspended 
ceiling  and  the  degree  of  rigidity  with  which  the  cei- 
ling is  attached  to  the  structural  floor* 

Floating  floors  are  supported  (a)  either 
by  a continuous  layer  of  resilient  blanket^  or  (b)  by  sleepers 
that  can  rest  on  the  resilient  blanket  or  can  be  carried  in  re- 
silient chairs  (Figure  N*ll)*  In  both  cases^the  floating  floor 
assembly  rests  on  the  structural  slab* 

For  a floating  floor  to  secure  the  required  acoustical  per- 
formance, its  natural  resonant  frequency  should  be  as  low  as 
possible,  and  preferably  below  the  lower  limit  of  the  audio- 
frequency range.  This  will  be  achieved  if  thickness  and  weight 
of  the  floating  part  and  the  elasticity  of  the  resilient  blan- 
ket have  been  properly  selected  (N-70,  N-128,  N-l65)» 

To  obtain  maximum  efficiency,  it  is  essential  that  not 
only  a consistent  and  uninterrupted  separation  be  provided 
between  floating  floor  and  structural  slab  but,  at  the  same 
time,  any  contact  between  floating  floor  and  surrounding  walls 
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be  also  avoided  (N-165).  The  selection  of  appropriate  materials 
for  a floating  floor,  its  workmanlike  detailing  and  specifi- 
cation, is  a delicate  problem  in  architectural  acoustics. 

Figure  shows  details  of  floating  concrete  and  wood 

floors. 

Additional  data  on  floating  floors  is  available  from  vari- 
ous sources  (!J-170,  N-175,  N-180,  N-194,  N-195)* 

Suspended  ceilings  attached  to  the 
structural  floor  will  contribute  substantially  to  the  sound 
insulating  quality  of  a floor,  against  both  air-borne  and  im- 
pact noises,  if  they  possess  the  following  characteristics 
(M-122,  N-70,  N-165): 

(a)  the  ceiling  membrane  weighs  not  less  than  5 Ib/ft^# 

If  an  absorbent  blanket  (mineral  or  ^ass  wool)  is 
used  in  the  air  space  above  the  ceiling,  the  weight 
of  the  ceiling  membrane  can  be  reduced; 

(b)  the  ceiling  membrane  is  not  too  rigid; 

(c)  direct  paths  of  noise  transmission  through  the  ceiling 
membrane  are  avoided  by  the  use  of  a solid  and  air- 
tight membrane; 

(d)  gaps  between  ceiling  and  surrounding  structure  are 
sealed,  thus  avoiding  noise  penetration  throu^  di- 
rect air  paths; 

(e)  the  number  of  points  of  suspension  from  structural 
floor  above  are  reduced  to  a minimum;  the  use  of  re- 
silient hangers  is  preferred  to  rigid  ones; 

(f)  air  space  between  ceiling  membrane  structural 
floor  is  increased  to  a reasonable  maximum. 

Walls  built  only  up  to  ceiling  height  suffer  a serious  re- 
duction in  their  TL;  it  is,  therefore,  essential  that  the  space 
between  a suspended  ceiling  and  structural  soffit,  above  the 
line  of  the  partition  wall,  be  adequately  sealed. 
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Figure  N#7.  Details  of  floating  concrete  floors  (a),  and 
floating  wood  floors  (b).  (Reprinted  from  The 
Transmission  and  Radiation  of  Acoustic  Waves 
by  Solid  Structures,  contained  in  "Noise  Re- 
duction" by  L.L.  Beranek,  McGraw-Hill  Book  Co. 
New  York,  I960). 
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Manufacturers  of  various  suspended  ceiling  assemblies  seem 
insufficiently  concerned  at  the  serious  reduction  in  the  TL  of 
a wall  built  up  to  a suspended  ceiling.  This  is  understandable 
because  any  objection  against  the  reduced  acoustical  performance 
of  a suspended  ceiling  would  undermine  the  manufacturers*  claims 
for  complete  flexibility  and  demountability  (N-130). 

The  annual  bulletin  of  the  Acoustical  Materials  Association 
(New  iork)  lists  attenuation  factors  (**AF**)  of  many  commercial 
suspended  ceiling  assemblies  at  representative  frequencies  (E-12). 
These  values  represent  differences,  in  decibels,  between  the 
sound  level  in  the  soiurce  room  and  the  sound  level  in  the  re- 
ceiving x^oom,  provided  that  (a)  the  sound  is  transmitted  via 
the  plenum  above  the  ceiling,  and  (b)  the  partition  between 
source  room  and  receiving  room  extends  only  to  the  ceiling. 
Where  noise  transmi  ^.on  between  rooms  is  likely  to  occur  essen- 
tially throu^  the  ceiling-plenum  path,  a formula  is  given  in  the 
bulletin  for  the  noise  reduction  (MR)  between  the  rooms.  A more 
precise  treatment  is  as  follows: 

where  AF  is  the  attenuation  factor  for  given  acoustical 

ceiling  assemblies  at  representative  frequencies, 

A^  is  the  total  acoustical  absorption,  in  ft^  units, 
in  the  receiving  room  (described  in  subsection 
D.3),  and 

Sp  is  the  area  of  the  plenum  opening  over  the  parti- 
tion, in  ft^  units. 

At  present  the  attenuation  factors  are  given  for  each  fre- 
quency, rather  than  in  texms  of  a single  average  or  rating  num- 
ber. For  purpose  of  comparison  with  partition  ratings  which  are 
commonly  given  in  terms  of  the  Sound  Transmission  Class,  the 
single  atte;.aation  factor  for  350  cps  is  found  to  be  a useful 
index  ( 3-123)  • 
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This  formiila  is  naturally  applicable  only  where  the 
same  ceiling  assembly  is  used  in  both  source  room  and 
receiving  room* 

The  noise  reduction  via  the  ceiling-plenum  path  can  be 
compared  with  that  taking  place  directly  throu^  the  divi- 
ding partition  between  source  room  and  receiving  room  (dis- 
cussed in  paragraph  N*l«6)9  this  comparison  will  reveal  the 
path  that  is  primarily  responsible  for  the  transmission  of 
noise* 

It  is  an  interesting  acoustical  phenomenon  that  it  is 
rather  difficult  to  detect  the  harmful  noise  transmission 
through  a suspended  ceiling  (N-4)#  This  is  due  to  the  so- 
called  Haas  effect  (F-22,  M-18)  which  states  that  if  the 
same  speech  sound  is  picked  up  from  two  directionSf  the 
sound  that  arrives  first  determines  the  apparent  direction* 

In  the  present  case,  if  speech  sound  can  travel  simultane- 
ously through  the  partition  and  through  the  suspended  ceil- 
ing, then  the  partition  will  offer  the  shorter  path  for  the 
sound*  It  will  therefore  appear  as  if  the  sound  is  coming 
through  the  partition,  creating  the  false  illusion  that  the 
partition  and  not  the  suspended  ceiling  is  the  noise  trans- 
mitter* 

The  following  Table  N*5  lists  average  air-borne  transmis- 
sion losses  of  typical  floor  constructions  (M-122)* 
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Table  N.3*  Average  TL  of  typical  floor  con- 
structions for  air-borne  noises.  (Reprinted 
from  Noise  Transmission  in  Buildings  by  T.D. 
Northwoody  Canadian  Building  Digest,  Division 
of  Building  Research,  National  Research 
Council,  Ottawa,  Oct.  I960.) 


Impact  rating 
dB 


A.  Air-borne  transmission  loss  50  dB  or  more. 

!•  4**  solid  concrete  or  equivalent  slab  weigh- 
ing at  least  50  lb/ft2;  ceiling  side  bare 
or  plastered  directly  on  slab;  floor  side 
wood  sleepers,  rough  and  finish  floors.  30 

2m  As  in  (l)  except  floor  side  1**  foamed 

plastic  or  paper-covered  glass  fibre  quilt, 
supporting  2**  concrete.  30 

3*  As  in  (l)  except  floor  side  parquet  or  li- 
noleum; ceiling  side  wood  furring,  -Jr”  gyp- 
sum lath,  i”  sanded  gypsum  plaster.  5^ 

4*  As  in  (3)  but  ceiling  side  gypsum  lath 
suspended  on  resilient  clips,  sanded 
gypsum  plaster.  20 

5*  As  in  (3)  but  ceiling  mounted  on  separate 

joists  supported  at  vails.  25 

6m  Open  steel  joists  or  similar  structure;  on 
floor  side  form-work,  paper-covered  glass 
fibre  quilt  or  foamed  plastic,  2”  concrete; 
ceiling  side  gypsum  lath  on  resilient 
clips,  -Jr**  sanded  gypsum  plaster.  30 

B.  Air-borne  transmission  loss  45*49  dB. 

1.  4"  solid  concrete  or  equivalent  slab  con- 
struction weighing  50  Ib/ft^.  2^ 

2m  As  above  but  floor  side  finished  in  lino- 
leum or  wood  parquet.  5^ 

3*  As  in  (1)  but  floor  side  finished  with 

carpet  and  underlay.  10^ 

^ Impact  rating  not  adequate  for  separating 
dwelling  units. 
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Additional  published  information  on  various  floor  and 
ceiling  constructions  is  available  from  many  sources  (N-1, 

N-3,  N-4,  N-5,  N-6,  K-20,  N-28,  N-32,  N-35,  N-53,  N-59,  N-61, 
N-66,  N-70,  N-77,  N-85r  N-120,  N-128,  N-130,  N-137,  N-138, 

N-143,  K -156,  N-157,  N-158,  N-159,  N-160,  N-l6>,  N-164,  N-165, 

N-166,  N-168,  N-169,  N-172,  N-173,  N-174,  N-176,  N-180,  N-182, 

N-183,  N-184,  N-186,  h-187,  N-188,  N-190,  r-191,  N-192,  N-198, 

N-199,  N-2CX),  N-201,  N-204,  N-206,  S-35,  '»B-3,  GB-6,  GB-9, 

GB-19,  GB-20,  GB-21,  GB-25,  GB-27,  GB-28  GB-29,  GB-52,  GB-61, 

GB-62). 

N,3*3  Doors 

Doors  always  constitute  acoustically  Wvsak  elements  of  walls* 
This  is  due  to  the  facts  that  (a)  their  surface  weight  is  nor- 
mally less  than  that  of  the  wall  into  which  they  are  built,  and 
(b)  the  gaps  around  their  edges,  unless  sealed,  offer  an  easy 
passage  for  the  transmission  of  noise  (M-6,  M-18,  N-32). 

Sound  insulating  doox's  should  be  of  solid  and  heavy  rather 
than  hollow  and  light  construction,  with  their  edges  well  sealed 
all  around.  Rubber,  foam-n'.^ber  or  foamed  plastic  strips,  ad- 
justable or  self-aligning  stops  and  gaskets  can  be  used  for 
sealing  the  edges  of  doors;  they  should  be  installed  so  that 
they  are  slightly  compressed  between  door  and  stop  when  the 
door  is  in  closed  position.  Bottom  edges  can  have  a replaceable 
strip  of  felt  or  foam-rubber  stuck  to  them  to  minimize  the  gap 
between  door  and  floor.  An  improved  alternative  is  to  install 
drop-bar  type  draught  excluders  or  threshold  closers  (often 

supplied  with  integral  kick-plates). 

If  doors  have  to  possess  an  unusually  high  degree  of  sound 
insulation  they  are  built  so  that  a separation  between  oppo- 
site faces  of  the  door  is  carried  through  uninterruptedly  from 
edge  to  edge,  in  both  directions  (N-208,  N-209,  N-218). 
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In  the  acoustical  evaluation  of  a sound  insulating  door, 
distinction  should  be  made  between  the  panel  value  and  the  op- 
erating value  of  its  TL  rating.  Panel  values  are  obtained 
when  the  door  is  tested  with  hermetically  sealed  edges;  oper- 
ating values  (always  lov/er  than  the  panel  values)  obtained 
from  tests  under  conditions  simulating  field  installation  in 
every  respect,  reflect  a more  realistic  acoustical  performance# 

The  flexible  utilization  of  contemporary  architectural 
spaces  often  reouires  the  use  of  movable  partitions  (or  op- 
erating partitions)  which  are,  in  fact,  giant  size  folding, 
sliding  or  side  coiling  doors  with  easily  operated,  structur- 
ally integrated  and  carefully  sealed  - more  or  less  - sound 
proof  panels  (i^-189,  N-210,  N-211,  N-215)* 

N#^«4  Windows 

Similar  to  doors,  windows  also  constitute  acoustically  weak 
components  of  their  surrounding  enclosures#  This  happens  be- 
cause (a)  their  surface  weight  is  much  below  that  of  the  sur- 
rounding enclosure,  and  (b^  their  connection  with  the  wall, 
unless  adequately  sealed,  constitutes  direct  paths  for  the 
penetration  of  exterior  noise,  particularly  where  standard 
windows  are  used  (N-110,  N— 207,  N-212,  N-213,  N-216,  N-218, 
N-219). 

The  TL  of  windows  will  depend  on  the  number,  thickness 
and  relative  position  of  the  panes,  and  on  their  edge  con- 
nection to  the  wall#  Double  glazing  with  well  sealed  edges 
are  basic  features  of  sound  insulating  windows. 

The  sound  insulating  quality  of  open  windows  practically 
equals  zero. 

If  a high  degree  of  sound  insulation  is  expected  from  a 
window,  double-  or  triple-pane  construction  is  preferable  to 
very  thick  but  single  pane.  The  distance  between  the  panes  has 
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a distinct  effect  on  the  TL  of  the  window,  particularly  at 
low  freauencies;  the  TL  improves  with  increasing  distance 
between  the  panes.  This  is  illustrated  in  figure  N.8,whWiahoic 
the  TL  of  two  1/8"  thick  panes  as  a function  of  the  separation 
between  the  panes,  at  250  and  lOOt  cps  frequencies;  it  is  as- 
sumed that  the  edges  of  the  panes  are  perfectly  sealed  {N-214). 
Under  these  particular  conditions  the  mass  law  is  no  longer 
applicable. 

In  air-conditioned  buildings  the  TL  of  fixed  windows,  with 
thick  and  double  panes  well  spaced  and  structurally  isolated 
from  each  other,  may  approximate  that  of  the  surrounding  wall. 

The  addition  of  sound  absorbing  treatment  to  the  window 
reveal  between  the  panes,  the  mounting  of  panes  in  an  elastic 
material  (cork,  felt,  sponge,  rubber.  Neoprene,  etc.},  and  eli- 
mination of  parallelism  between  panes fWill  result  in  a consi- 
derable increase  in  the  TL  of  windows  (N-52,  N-214)*  These  me- 
thods of  increasing  the  sound  insulating  quality  of  windows 
are  utilized  for  control  and  observation  windows  used  in  Radio, 
Television,  Recording  Studios,  etc. 

Various  sound  retarding  windows,  manufactured  mainly  for 
thermal  insulating  purposes,  are  available  on  the  market 
(Twindow,  Thermopane,  etc.).  Special  sound  insulating  glasses 
are  manufactured  lately  of  2 to  4 thin  layers  of  sheet  or  po- 
lished plate  glass  laminated  into  a single  panel  with  soft, 
transparent  plastic  interlayers.  These  special  panes  success- 
fully combine  the  two  physical  characteristics  of  an  acous- 
tically efficient  sound  insulating  barrier:  mass  and  limpness. 
These  panes  are  available  in  9/32",  7/16"  and  5/8"  thicknesses, 
called  Acottsta-Pane  II,  III,  and  IV,  respectively,  dencting 
the  number  of  glass  sheets  laminated  into  the  single  panel. 
Their  transmission  losses  are  shown  in  Figure  N.9* 
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Figure  N«8«  Transmission  loss  of  %vo  1/8"  thick  panes  as  a Amo- 
tion of  the  separation  between  them,  at  250  and  1000 
eps  frequencies,  with  perfectly  sealed  edges*  (Re- 
printed from  Progr*  Arch*,  Har*  I960)* 


Figure  N*9.  Transmission  losses  of  2-ply,  3-ply,  and  4-ply  sound 
insulating  glass  panels,  called  Acousta-Fane  II,  III, 
and  IV,  respectively*  (Reprinted  from  a booklet  pub- 
lished by  the  Amerada  Glass  Corporation,  Chicago,  111* 
1963). 
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N.5.5  Discontinuous  construction 

If  a particularly  high  degree  of  insulation  is  required 
for  a room  or  for  part  of  a building  against  air-borne  noises, 
structure-borne  noises  and  vibrations,  all  the  measures  dis- 
cussed so  far  in  this  Section  have  to  be  incorporated  into  a 
single  design,  called  discontinuous  construction,  or  "box 
within  a shell".  Basic  elements  of  such  an  arrangement  are 
shown  diagrammatically  in  Figure  N.IO  (N-128).  The  room  illus- 
trated in  this  Figure  could  be  used  for  audiometric  tests,  as 
a Radio  or  Recording  Studio,  or  for  any  other  purpose  where 
an  extraordinary  degree  of  acoustical  privacy  has  to  be  a- 
chieved  (M-6,  N-27,  N-128,  GB-52).  The  room  illustrated  is 
accessible  through  a sound  lock;  it  has  a floating  floor  on 
top  of  the  stn^’stural  slab,  the  walls  are  built  on  the  float- 
ing floor  separated  from  the  load-carrying  exterior  walls, 
and  the  ceiling  is  resiliently  suspended  from  the  structural 
floor  above*  The  acoustical  separation  of  the  inner  shell  from 
the  building  structure  must  not  be  short-circuited  by  rigid, 
connecting  links;  such  as » wall  ties,  ducts,  pipes,  unisolated 
windows,  etc. 

A practical  application  of  the  discontinuous  construction 
is  shown  in  Figure  N.ll;it  outlines  a typical  section  of  a 
discontinuous  construction,  with  floating  floor,  isolated  wall 
aoid  resiliently  suspended  ceiling.  Various  discontinuous  con- 
structions have  been  presented  in  numerous  publications  (J-1, 
J-5,  J-4,  J-17,  J-23,  J-90,  3-87,  3-89,  3-102,  3-104,  S-105, 
3-109,  3-110,  GB-52). 
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Plan 


Figure  N«10.  Diagrammatic  illustration  of  a discontinuous 

construction*  (Reprinted  from  Acoustics^  Noise 
and  Buildings  by  P.H.  Parkin  and  H.R*  Humphreys, 
Frederick  A*  Praeger,  Nev  York,  1958) « 
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Figure  N.ll* 


Floating  floor,  isolated  vail,  and  resiliently 
suspended  ceiling  used  in  discontinuous  con- 
struction. (Reprinted  from  Sound 
Canadian  Johns— Manville  Co.,  Toronto). 
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N.  Lane  and  E.E.  Mikeska.  Noise  Control,  Vol.  6, 
May-June  I960,  p.  18-22. 
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by  L.L.  Beranek.  McGraw-Hill  Book  Co.,  New  York, 

I960,  p,  360-382. 
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N-I32  New  wall  design  for  high  Transmission  loss  or  high 
(’'iping  by  G.  Kurtze  and  B.G.  Watters.  J.  Acoust. 
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I960,  p.  98-108. 

♦ N-141  Effect  of  painting  on  Sound  Transmission  Loss  of 

lightweight  concrete  block  partitions  by  H.J.  Sabine 
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Contemporary  mechanical  equipment  and  machinery  render  the 
livee  of  the  occupants  of  buildings  more  comfortablef  more  en- 
joyable and  more  productive;  however,  this  equipment  and  ma- 
chinery are  fundamental  contributors  to  noisy  buildings. 

Ir  the  control  of  mechanical  noise  the  complete  elimination 
of  the  noise  is  very  seldom,  if  ever,  the  objective;  technically 
this  would  be  extremely  difficult,  \ineconomical,and  also  un- 
necessary (0-39).  The  general  objective  is  rather  to  produce 
a balanced  noise  environment  which  means  the  attenuation  of 
noise  to  a permissible  level,  depending  on  various  conditions; 
such  as,  anticipated  activity  in  the  room,  the  required  degree 
of  privacy,  etc.  (0-86).  Excessive  noise  reduction  is  often  de- 
trimental because  this  will  reduce  acoustical  isolation  of  one 
occupauicy  from  another  (para.graph  n.6.10). 

Mechanical  noises  can  be  created  (a)  by  plumbing  systems, 

(b)  by  ventilating  and  air-conditioning  systems,  and  (c)  by 
machinery. 

0.1  Control  of  noise  due  to  plumbing  systems 

Flow-control  devices  (valves)  and  toilets  constitute  seri- 
ous sources  of  plumbing  noise  (0—17,  0—44,  0— 73t  0—90).  In  ad- 
dition, a great  amount  of  noise  in  plumbing  systems  is  due  to 
turbu3.ent  flow  (0-66,  0-73)#  The  noise  created  by  turbulent 
flow  will  be  increased,  in  certain  cases,  due  to  a phenomenon 
called  cavitation  (0-17t  0-44).  The  noise  produced  at  these 
sources  will  be  transmitted  along  the  pipe  as  well  as  through 
the  water  in  the  pipe. 

As  in  so  many  cases  of  noise  control, the  best  procedure  is 
to  suppress  the  noise  at  the  source,  e.g. , by  selecting  and  in- 
stalling quietly  operating  fixtures.  If  this  is  not  possible, 
then  as  a next  step  an  attempt  must  be  made  to  prevent  the  pen- 
etration of  noise  into  the  water  pipe  or  to  prevent  its  trans- 
mission from  the  pipes  to  the  building  structure  (0-17)#  Trans— 


mission  along  the  pipe  can  be  reduced  considerably  by  in- 
serting a flexible  ( rubber » rubber-and-fabric»  plastic,  etc*) 
pipe  between  the  source  and  the  metal  pipe* 

If  noise  is  transmitted  through  a pipe,  then  the  amoun;  of 
noise  that  is  radiated  by  the  pipe  itself  is  negligible  (0-17, 
0-44);  the  disturbing  sound  is  radiated  by  the  building  struc- 
ture ( partitions,  slabs,  ceilings,  etc*)  to  which  the  pipe  is 
fixed*  To  eliminate  this  noise  radiation,  pipes  should  be  re- 
siliently  mounted,  i*e*,  adequately  insulated  from  their  supports 
by  wrapping  them  in  felt,  asbestos  or  other  suitable  insulating 
material  (0-17,  OB-21,  GB-43)*  IT  the  noise-reducing  measures 
recommended  above  cannot  be  exploited  to  the  required  extent, 
the  noise-conducting  pipes  should  be  screened  from  the  affected 
rooms  by  building  them  into  suitable  ducts  or  shafts*  One  must 
ensure  that  these  pipe  ducts  or  shafts  do  not  conduct  other  air- 
borne noises  from  one  part  of  the  building  to  others  (GB-43)* 

Waste  water  flowing  in  pipes  can  also  produce  embarrassing, 
although  never  too  loud*  noises*  These  noises  can  be  reduced 
to  the  required  level  by  placing  the  sewage  pipes  in  ducts 
with  proper  isolation  between  pipes  and  duct  enclosures  (GB-43)* 
The  principles  for  noise  reduction  of  water  systems  ar^ 
also  applicable  to  steam  and  gas  lines  (0-44)* 

Additional  recommendations  for  the  elimination  of  plumbing 
noises  have  been  discussed  in  paragraph  M*6*6* 

0*2  Control  of  noise  in  ventilating  (and  air-conditioning)  systems 

0*2*1  Acceptable  noise  levels 

In  rooms  where  listening  to  speech  or  music  is  important, 
the  noise  level  created  by  a ventilating  (or  air-conditioning) 
system  must  be  about  a few  dB  below  the  desired  level  of  back— 
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ground  noise.  This  is  necessary  in  order  to  avoid  interference 
of  ventilation  noise  with  the  intelligibility  of  speech  or 
with  the  enjoyment  of  music  (0-18|  0-36,  0-45) • 

In  certain  rooms,  on  the  other  hand,  such  as  Offices,  Hos- 
pital Rooms,  Restaurants,  etc.,  the  aim  in  the  control  of  ven- 
tilation noise  is  not  to  eliminate  all  the  noise  caused  by  the 
system, but  to  create  a balanced  sonic  environment.  The  noise 
should  be  reduced  only  to  a degree  necessary  to  allow  the  anti- 
cipated activity  in  the  room  at  a comfortable  level  (0-18, 

0-86).  The  quieting  of  ventilation  noise  below  this  level  would 
be  wasteful.  In  addition,  as  mentioned  before,  excessive  noise 
reduction  would  remove  that  artificial  masking  noise  which  can 
beneficially  "cover  up"  and  render  inaudible  or  unintelligible 
intruding  weaker  sounds.  Noise  control  with  masking  noise  has 
been  outlined  in  paragraph  M.6.10  (0-74)# 

The  control  of  ventilation  noise  should  start,  therefore, 
with  the  critical  determination  of  criteria  for  the  desired 
background  noise  levels  in  each  room,  depending  on  tne  activ- 
ities to  be  carried  on  in  each  particular  rooms  (R— 4,  R-6, 

R-11,  R-13,  R-15,  R-22,  S-15).  Criteria  for  noise  in  various 
spaces  are  discussed  and  listed  in  Section  R. 

Figure  0.1  illustrates  a typical  ventilating  system  re- 
duced to  its  essential  components  (0— 45)» 

0.2.2  Noise  sources 

Noises  encountered  in  ventilating  systems  can  be  grouped 
as  follows  (0-14,  0-18,  0-33,  0-34,  0-56,  0-62,  0-63,  0-74, 

0-86,  0-95,  0-96,  0-100,  0-101): 

(a)  mechanical  equipment  noise  caused  by  fans,  motors,  etc. 9 
and  transmitted  (1)  through  and  along  ducts  or  en- 
closures (vails,  ceilings,  etc.)  as  air-borne  noise. 
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Figure  0#1»  Typical  ventilating  system  reduced  to  its  essen- 
tial components#  (Reprinted  from  Heating  and  Ven- 
tilating System  Noise,  contained  in  **Handbook  Of. 
Noise  Control”,  by  R#W#  Leonard,  McGraw-Hill  Book 
Co.,  New  York,  1957). 
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or  (2)  through  the  building  structure  or  duct  walls 
as  structure-borne  noise  or  vibration; 

(b)  ”self-noise”  from  air  motion  and  turbulence  within  the 
distribution  system  created  by  grilles^  diffusers, 
dampers,  pressure  regulators,  etc*,  and  transmitted 
through  or  along  ducts; 

(c)  cross-talk  from  one  space  to  another,  e.g.,  speech 
that  enters  a supply  or  return  air  grille  in  one  room, 
travels  through  the  duct  or  plenum,  and  emerges  in  a 
nearby  room  through  another  ventilating  grille;  and 

(d)  noise  transmitted  from  sources  external  to  the  building* 

Figure  0*2  illustrates  the  various  noise  sources,  the  sev- 
eral paths,  and  receivers,  all  interconnected  and  * interrelated 

! in  a ventilating  system  (0-86)*  Figure  0*3  shows  how  outdoor 

noises  can  penetrate  a ventilating  system  through  an  exposed 
portion  of  the  duct  (0-62)* 

A detailed  description  and  evaluation  of  the  various  noise 
sources  of  ventilating  systems  has  been  presented  in  numerous 
articles  (0-10,  0-U,  0-16,  0-17,  0-18,  0-19,  0-20,  0-24,  0-25t 
0-28,  0-30,  0-32,  0-33,  0-35,  0-36,  0-38,  0-40,  0-41,  0-43, 

0-45,  0-48,  0-50,  0-51,  0-53,  0-54,  0-56,  0-57,  0-61,  0-62, 

0-63,  0-67,  0-68,  0-70,  0-73,  0-74,  0-75,  0-76,  0-77,  0-79, 

0-84,  0-86,  0-94,  0-95,  0-96,  0-97,  0-98)* 

0*2*3  Noise  reducing  components 

In  the  control  of  ventilating  noise  the  suitable  selection 
and  the  workmanlike  installation  of  the  system  components  are 
prerequisites  to  the  attenuation  of  noise;  there  are,  however, 
additional  ways  in  which  the  noise  will  be  reduced  between  the 
source  and  the  recipients,  as  follows  (0-14,  0-18,  0-36,  0-56, 
0-62,  0-63,  0-74,  0-86): 

r 
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Figure  0#2*  Various  noise  sources,  paths,  and  receivers  intercon- 
nected in  a ventilating  system.  Vibrations  produced 
in  Pan  Room  **A”  may  enter  room  through  the  struc- 
tural floor.  Noise  created  by  the  fan  may  enter  room 
"B**  and  all  other  rooms  through  the  air  diffusers  or 
by  vibration  of  the  duct  walls.  Speech  originating  in 
room  may  produce  noise  in  room  **B**  (cross  talk). 
Noise  from  Shop  may  travel  throuj^  the  ducts  to 
rooms  ”B»»,  **C”,  and  ”E*».  (Reprinted  from  Noise  Con- 
trol in  Ventilation  Systems,  contained  in  "Noise  Re- 
duction", by  C.H.  Allen,  McGraw-Hill  Book  Co.,  New 
York,  I960). 


Noise  entering  through 
thin  duct  wails 


I 


Auditorium 


Figure  0.3.  Outdoor  noises  can  "short-circuit"  soimd  insulation 
measures  through  exposed,  thin  duct  walls.  (Reprint- 
ed from  Acoustics,  Noise  and  Buildings  by  F.H.  PaxkLn 
and  H.R.  Humphreys,  Frederick  A.  Praeger,  New  York, 
1958). 
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(a)  dissipation  of  noise  due  to  transmission  through  duct 
walls  into  spaces  outside  the  ducts; 

(b)  absorption  of  noise  in  duct  wall  linings; 

(c)  reduction  of  noise  due  to  bends; 

(d)  division  of  noise  into  several  branches; 

(e)  reflection  of  noise  back  towards  the  source; 

(f)  spreading  of  noise  into  the  room  at  supply  or  return 
air  grilles; 

(g)  absorption  of  noise  in  the  room  itself  where  the  duct 
ended* 

If  thermal  insulation  is  installed  along  the  outside  sur- 
face of  the  duct  walls,  this  will  contribute, to  a certain  degree, 
to  the  TL  of  the  duct  walls  (0-56,  0-86). 

Sound  absorbing  materials,  such  as  glass-fiber  or  mineral- 
fiber  boards,  installed  along  the  inside  of  rectangular  or  round 
ducts,  will  increase,  the  attenuation  of  noise  along  the  duct* 
Sound  absorbing  materials  used  for  duct  lining  should  possess 
the  following  properties;  (a)  high  absorption  coefficient,  (b) 
smooth  surface  for  low  air  friction,  (c)  adepuate  strength  to 
resist  disintegration  due  to  air  flow,  and  (d)  adequate  re- 
sistance against  fire,  rot,  vermin  and  odour  (0-6,  0-15,  0-52). 

A large  expanded  section  of  a duct  (called  plenum  chaunber) 
lined  with  sound  absorbing  material  will  contribute  to  the  re- 
duction of  noise  within  the  duct*  Plenum  chambers  are  used  when 
a large  number  of  smaller  ducts  are  fed  by  one  main  supply  fan 
(0-45,  0-86)* 

Ducts  with  small  cross  sections  are  more  effective  noise 
attenuators  than  those  with  larger  cross  sections;  therefore, 
when  a duct  is  too  short  to  provide  satisfactory  reduction  of 
noise,  added  attenuation  can  be  obtained,  at  the  expense  of 
increased  pressure  drop,  (a)  by  dividing  the  duct  into  a number 
of  smaller  lined  duots  (egg-crate  type  sound  absorbing  cells. 
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splitters,  etc.),  or  (b)  by  using  prefabricated  (package) 
attenuator  units,  called  silencers  (0-14,  0-22,  0-45»  0-81, 

0-86,  0-87,  0-88). 

Methods  for  calculating  the  attenuation  in  lined  ducts  are 
published  in  various  article»s  and  in  manufacturers*  catalogues 
(0-2,  0-5,  0-5,  0-7,  0-8,  0-9,  0-11,  0-14,  0-25,  0-27,  0-56, 

0-45,  0-58,  0-59,  0-64,  0-81,  0-86,  0-87,  0-92,  0-99,  GB-54). 

When  a duct  divides  into  branches,  the  noise  traveling 
through  the  main  duct  will  divide  approximately  in  proportion 

to  the  areas  of  the  branches  (0-86). 

Reflection  of  noise  happens  when  an  abrupt  change  takes 
place  in  the  cross-sectional  area  of  the  duct# 

The  noise  level  close  to  the  duct  exit  is  greater  than  at 
some  distance  from  the  grille,  therefore,  in  rooms  used  for 
listening, the  duct  opening  should  be  as  far  as  possible  from 
the  listeners  (GB-45)* 

0#2.4  Determination  of  attenuation  required 

In  the  control  of  ventilation  noise  the  fundamental  problem 
is  to  determine  the  attenuation  that  is  necessary  to  secure  the 
desired  amount  of  background  noise  in  the  spaces  to  be  ventilated 
(or  air-conditioned).  To  achieve  this,  the  following  have  to  be 

ascertained  (0-14,  0-55,  0-56,  0-74,  0-86,  0-94) s 

(a)  the  Noise  Criteria  for  each  room  to  be  ventilated  (or 
air-conditioned);  this  is  discussed  in  subsections  R-2 

and  H.5; 

(b)  the  amount  of  noise  produced  by  each  noise  source; 

(c)  the  attenuation  of  noise  provided  by  ducts,  walls, 
ceilings,  etc. , between  each  source  and  the  room  in 
question; 

(d)  the  noise  levels  at  the  recipients*  positions  in  that 


room; 
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(e)  the  required  additional  attenuation  given  by  item  (d) 
minus  item  (a). 

Once  the  required  attenuation  has  been  determined,  then  a 
decision  has  to  be  made  as  to  whether 

(a)  the  noise  can  be  reduced  at  the  sourc'  (e«g«,  at  the 
fan),  or 

(b)  noise  reduction  devices  (lining,  silencer,  etc.)  should 
be  used,  usually  close  to  the  critical  area* 

It  must  be  stressed  again  that  a most  effective  and  econom- 
ical mean  of  the  control  of  ventilation  noise  is  achieved  by 
concentrating  and  locating  the  noise-producing  equipment  (a) 
as  far  as  possible  from  the  rooms  requiring  a high  degree  of 
quiet,  and  (b)  in  a part  of  the  building  where  noise  and  vib- 
ration can  be  relatively  well  tolerated  (0-62). 

In  the  selection  of  the  most  suitable  procedure  for  the 
control  of  ventilation  noise,  it  is  recommended  that  an  ap- 
proach be  adopted  that  will  allow  the  acoustical  consultant 
to  cooperate  most  efficiently  with  the  architect  and  mechanical 
engineer  during  successive  design  stages  (0-86)* 

0*3  Control  of  machinery  noise 

Heating  chambers  (boilers),  Diesel  generators,  pumps,  com- 
pressors, cooling  towers,  motors,  pneumatic  devices,  etc*,  are 
notorious  sources  of  machinery  noise*  Normally  such  machinery 
is  placed  in  the  basement  of  buildings  (0-37,  0-42,  0-46,  0-47, 
0-62),  although  in  high  rise  buildings  it  is  sometimes  imper- 
ative that  the  mechanical-equipment  floor  be  located  on  top 
of  the  building  or  somewhere  between  the  typical  floors  (S-13)* 

The  required  degree  of  noise  control  will  depend  on  the 
noise  level  produced  by  the  machinery  and  that  which  can  be 
tolerated  in  the  room  under  consideration* 
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In  order  to  provide  adequate  noise  reduction  between  me- 
chanical-equipment rooms  and  adjoining  occupancies,  the  fol- 
lowing noise  paths  will  have  to  be  checked  (S— 15)* 

(a)  air-borne  noise  paths  between  the  noisy  Equipment  Room 
and  the  adjoining  or  nearby  occupancies  through  walls, 
f;i.oors,  ceilings,  etc.; 

(b)  structure-borne  noise  paths  between  vibrating  equip- 
ment and  adjoining  areas;  and 

(c)  duct— borne  paths  for  the  transmission  of  fan  noise  and 
airflow  noise  into  those  adjacent  rooms  serviced  by  the 
ventilating  or  air-conditioning  equipment. 

To  secure  the  required  background  noise  levels  in  the  rooms 
close  to  an  Equipment  Room,  the  following  measures  should  he 
considered  (S-13): 

(a)  the  installation  of  a floating  floor  for  the  entire 
Equipment  Room  area; 

(b)  the  installation  of  the  individual  articles  of  equip- 
ment and  machinery  on  the  floating  slab  with  vibration- 
isolating  mounts,  such  as^i  steel  springs,  rubber— in- 
shear  mounts,  cork,  felt,  etc.  (discussed  in  subsection 

P.3); 

(c)  the  provision  for  a resiliently  suspended  impervious 
dense  ceiling  in  the  rooms  below  the  machinery  floor, 
as  shown  in  Figure  0.4  (S-15);  and 

(d)  control  of  duct-borne  fan  noise  and  air-flow  noise. 

This  was  discussed  in  subsection  0.2. 
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Figure  0«4*  Diagramaatic  layout  of  a resiliently  suspended 
impervious  dense  ceilizig  beneath  a noisy  me- 
chanical-equipment area*  A:  acoustic  barrier 
separated  from  finish  ceiling*  B:  acoustic  bar- 
rier combined  with  finish  ceiling*  (Reprinted 
from  Case  Histories  of  Noise  Control  in  Office 
Buildings  and  Homes » contained  in  "Noise  Reduo- 
tion*V  by  L*N*  Miller^  McGrav^Hill  Book  Co*  f New 
York,  I960)* 
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Vibration  meana  the  movement  of  a structure  (or  any  other 
solid  body)  caused  by  some  alternating  force,  e«g«,  an  out-of* 
balance  rotating  part  of  a machine*  Vibration  may  be  trans~ 
mitted  readily  to  distant  parts  of  the  structure  to  which  the 
vibrating  machine  is  fixed,  and  re-radiated  from  large  sur- 
faces (walls,  ceilings,  windows)  as  annoying  noise;  it  may  be 
transmitted  even  to  other  nearby  buildings  (P-1,  P-4,  P-7, 

P-8,  P-9f  P-12,  P-16,  P-20,  P-28,  GB-43). 

P*1  Effects  of  vibration 

Vibration  may  have  the  following  effects  (P-7,  P-30,  P-36, 
GB-43) : 

(a)  it  may  cause  damage  to  buildings; 

(b)  it  may  be  annoying  to  the  occupants; 

(c)  it  may  interfere  with  work  and  harm  precision  instru- 
ments; and 

(d)  it  may  cause  noise  if  the  rate  of  vibration  is  within 
the  audio-frequency  range* 

The  transmission  of  vibration  from  one  structure  to  another 
will  be  avoided  by  interposing  a relatively  flexible  element 
between  the  two  structures;  this  flexible  element  or  elastic 
device  is  called  a "vibration  isolator"  or  **resilient  mount" 
(P-2,  P-12)*  The  use  of  vibration  isolators  is  illustrated  in 
Figure  P.l  (N-6). 

P*2  Types  of  application 

There  are  two  types  of  application  of  vibration  isolation 
(P-3,  P-12,  P-36): 

(a)  Active  isolation,  in  which  the  transmission  of  unbal- 
anced forces  from  a machine  to  its  foundation  is  pre- 
vented, e*g*,  a ventilating  fan  mounted  on  vibration 
isolators*  This  isolation  permits  the  installation  of 
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Figure  Vibration  break  between  the  basement  floor 
slab  and  vail  of  a building  to  reduce  the 
transmission  of  noise  and  vibration  to  oth- 
er parts  of  the  structure*  (Reprinted  from 
Case  Histories  of  Machine  and  Shop  Quietingf 
contained  in  '^Noise  Heduction”f  by  L*N»  Mil- 
ler, McGraw-Hill  Book  Co.,  New  York,  I960). 
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the  Isolated  eqtiipment  in  upper  story  locations  or  on 
floor  slabs  without  special  fo^mdations*  In  addition 
to  its  basic  function^  this  type  of  isolation  reduces 
impact  and  internal  machinery  shock,  increases  the  life  of 
the  equipment  at  higher  operating  speeds  and  at  re- 
duced maintenance  costo 

(h)  Passive  isolation,  in  which  harmful  motion  from  a sub- 
structure to  a device  mounted  on  it  is  reduced*  This 
is  used  for  the  installation  of  precision  instruments, 
allowing  their  placement  wherever  space  is  available 
or  where  work  flow  requires* 

In  either  case, the  vibration  isolation  is  designed  accord- 
ing to  the  same  principles* 

The  source  of  vibration  usually  has  a predominant  frequency 
at  which  it  vibrates;  this  is  called  the  "disturbing  frequency" 
or  "driving  frequency".  The  resilient  mount  with  the  weight  of 
the  equipment  or  machine  on  it  will  have  its  own  "resonant 
frequency”  or  "natural  frequency  of  oscillation"  at  which  it 
will  oscillate  if  given  a deflection  and  then  allowed  to  move 
on  its  own  (P-2,  P—8,  P—9,  P-13,  P-14)«  The  more  deflection  in 
the  system  the  lower  is  its  natural  frequency  (P-21).  The  degree 
of  vibration  isolation  provided  by  the  resilient  mount  will  de- 
pend on  the  ratio  of  these  two  frequencies:  the  driving  fre- 
quency and  the  natural  frequency.  The  natural  frequency  of  the 
resilient  mount  has  to  be  lower  (at  least  two  times)  than  the 
driving  frequency  if  any  vibration  isolation  is  to  be  obtained. 
No  vibration  isolation  will  be  achieved  if  the  natural  frequency 
of  the  resilient  mount  is  higher  than  the  driving  frequency.  If 
the  two  frequencies  are  equal,  or  nearly  eaual,  the  resilient 
mount  will  make  the  situation  worse,  i.e*,  more  vibration  will 
be  transmitted  as  if  no  resilient  mount  were  used  at  all  (P-2, 
P-21,  P-3^;. 
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The  amount  of  deflection  of  the  resilient  mount  resulting 
from  the  dead  weight  of  the  supported  load  is  called  **static 
deflection”,  or  ”static  displacement"  (P-2,  P-8,  P-12,  P-21)# 

The  relation  between  disturbing  frequency,  resonant  freouency, 
static  deflection  and  per  cent  reduction  of  vibration  of  a 
mass  on  a resilient  support  is  expressed  graphically  in  Figure 
P.2  (P-2). 

It  is  quite  obrious  that  a resilient  mount  must  be  selected 
with  utmost  care,  particularly  when  the  frequency  of  vibration 
is  quite  low.  The  mounting  system  should  be  neither  overloaded 
nor  underloaded  and  it  should  provide  a resonant  frequency 
several  times  lower  than  the  lowest  frequency  of  vibration  to 
be  isolated  (P-2). 

P.3  Materials  for  vibration  control 

Various  resilient  materials  are  used  in  vibration  isolation, 
as  follows  (P-4,  P-6,  P-10,  P-12,  P-15,  P-17,  P-18,  P-19,  P-20, 
P-21,  P-22,  P-24,  P-31,  P-33,  P-36,  P-37,  GB-43): 

(a)  Metal  springs.  They  can  provide  a large  range  of  de- 
flections depending  on  the  dimensions  and  materials 
used  in  their  design.  They  are  interchangeable,  resist 
corrosion  by  oil  and  water,  are  unaffected  by  extremes 
of  temperature.  They  have  the  disadvantage  of  trans- 
mitting high  frequencies  readily;  this  can  be  mini- 
mized, however,  by  eliminating  direct  contact  between 
the  spring  and  the  supporting  structure. 

(b)  Rubber  mountings.  They  are  used  mostly  to  isolate  small 
machinery  and  mechanical  devices,  such  as  engines, 
motors,  instruments,  etc., where  the  very  long  life  and 
higher  efficiency  provided  by  metal  spring  mountings 
are  not  essential.  They  tend  to  lose  their  resiliency 
as  they  age:  their  life  is  about  5 to  7 years. 
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Figure  P«2»  Curves  for  determining  the  approximate  per 

cent  reduction  of  vibration  of  a mass  on  a 
resilient  support*  The  per  cent  reduction 
is  given  as  a function  of  the  disturbing 
frequency  to  be  isolated  and  the  static  de- 
flection of  the  mass  on  its  support*  When 
the  static  deflection  is  not  known  and  the 
resonant  frequency  of  the  mass  on  its  sup- 
port is  known,  the  upper  horizontal  scale 
should  be  used*  (Reprinted  from  Acoustical 
Designing  in  Architecture  by  V*0*  Khudsen 
and  C.M*  Harris,  John  Wiley  and  Sons,  New 
York,  1950) • 


458 


(c)  Resilient  pads, including  various  materials  witli  in- 
herent damping;  such  as,  glass  fibre,  foamed  plastic, 
cork,  felt,  sponge  rubber,  lead-asbestos,  etc. 

Glass  fibre  is  used  in  the  form  of  blankets,  boards, 
or  small  blocks.  They  combine  chemical  inertness, 
thermal  efficiency,  resistance  to  moisture,  and  fire 
safety. 

Cokis  tbe  cddeet  material  used  for  vibration  isolation. 
To  obtain  sufficiently  large  deflection,  the  machine 
to  be  isolated  is  mounted  usually  on  a large  concrete 
block,  separated  from  the  surrounding  foundation  by 
layers  of  cork  slabs.  Cork  should  be  subjected  to  a 
pressure  of  between  7 nnd  20  psi. 

The  isolation  efficiency  of  felt  will  be  best  ex- 
ploited by  using  the  smallest  possible  area  of  the 
softest  felt,  in  maximum  thickness,  under  a static 
load  that  the  felt  will  resist  without  excessive 
compression  or  loss  of  structural  stability.  Its 
H30  is  recommended  in  to  1**  thickness  with 
an  area  of  5 3^  the  total  area  of  the  base.  It  is 
particularly  useful  in  the  isolation  of  vibrations 
in  the  audio-frequency  range. 

Besides  the  listed  vibration  isolators,  other  vibration- 
control  devices  are  specially  manufactured  using  or  combining 
the  isolating  materials  described  before;  hangers,  clips, 
chairs,  special  rubber  mounts,  metal  springs  with  auxiliary 
damping  features,  rail-type  mounts,  flexible  hose  connections, 
etc.,  are  typical  examples  of  commercial  vibration  isolators 

(M-16,  P-6,  P-15,  P-15,  P-24,  P-36). 

Figure  P.3  illustrates  the  relation  between  the  static 
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deflection  (displacement)  and  the  natural  frequency  of  com- 
monly used  vibration  isolators  (P-12)« 

Figure  P*4  shows  the  practical  application  of  certain 
resilient  mounts  in  conjunction  with  the  vibration  isolat- 
ion of  a reciprocating  compressor  (H-6)« 

Detailed  information  on  the  properties  of  various  resil- 
ient mounts  recommended  for  use  in  vibration  isolation  is 
available  in  commercial  and  technical  literature  (P-3f  P-9f 
P-12,  P-13,  P-15,  P-19,  P-21,  P-24,  P-26,  P-36). 

Additional  recommendations  for  vibration  control  were 
given 


throu^out  subsection  H.6. 
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Figure  P.3*  Relation  between  static  deflection  (dis- 
placement) and  natural  frequency  of  com- 
monly used  vibration  isolators.  (Reprint-' 
ed  from  Isolation  of  Vibration^  contained 
in  **Roise  Reduction" » by  D.  Muster  and  R. 
Plunkett^  McGraw-Hill  Book  Co.^Rew  Yorky 
I960). 


Figure  P.4.  Practical  application  of  resilient  mounts 
in  conjunction  with  the  vibration  isola- 
tion of  a reciprocating  compressor.  (Re- 
printed from  Case  Histories  of  Machine 
and  Shop  Quieting,  contained  in  "Boise  Re- 
duction", by  L.N.  Miller,McGraw-Hill  Book 
Co.,  Bew  York,  I960). 
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The  need  for  effective  noise  control  in  buildings  derives 
from  the  fact  that  noise  affects  people  in  the  following  ways 
(M-26,  R-lf  R-2,  R-3f  R-4f  R-13»  R-15>  R-20,  R-21f  R-22) : 

(a)  it  oexi  be  so  loud  as  to  cause  temporary  or  permanent 
damage  to  the  ear; 

(b)  it  can  interfere  with  listening  to  speech  or  music; 

(c)  it  may  cause  deterioration  of  work  performance;  and 

(d)  it  can  be  annoying  and  distracting. 

As  to  the  annoying  and  distracting  effect  of  noise,  people 
will  vary  considerably  in  their  reaction,  described  in  sub- 
section M.l.  If  it  is  a question  of  damage  to  hearing,  or  in- 
terference with  listening  to  speech  or  music,  a person's  re- 
action is  more  limited* 

The  basic  problem  in  designing  for  noise  control  is  to  pre- 
dict how  the  expected  noise  is  likely  to  interfere  with  the 
occupancy  in  the  room  under  consideration  and  then  to  set  lim- 
its to  the  path  of  intruding  or  spreading  noise  in  order  to 
avoid  any  harmful  interference.  To  do  so,  various  criteria, 
discussed  briefly  in  this  Section,  will  have  to  be  considered, 
depending  on  the  type  and  delicacy  of  the  noise  control  prob- 
lem (R-22), 

R,1  Damage  to  hearing 

Noises  so  loud  (about  150  dB)  tot  cause  immediate  damage 
to  hearing  do  not  occur  normally  in  buildings;  they  may  occur, 
however,  near  Airports.  In  such  special  cases, precautions  are 
required  to  avoid  the  risk  of  people  accidentally  entering 
the  damage  zone  without  ear  muffs  (R-1,  R-5,  R-22,  S-166), 

Noise  levels  high  enough  to  cause  temporary  or  permanent 
deafness  occur  in  industry.  Various  criteria  have  been  pro- 
duced giving  the  maximum  noise  levels  which  must  not  be  ex- 
ceeded if  temporary  or  permanent  deafness  (complete  or  partial) 
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is  to  be  avoided  (R-1,  R-4,  R-8,  R-9,  R-12,  R-13,  R-27p  R-30) . 
If  existing  noise  levels  measured  in  a very  noisy  room  exceed 
the  dangerous  levels  established  in  the  corresponding  criteria^ 
some  measure  will  have  to  be  taken  ( described  in  subsection 
M.6)  in  order  to  reduce  the  noise  and  to  protect  the  workers 
(R-12,  S-164,  GB-41). 

R*2  Maximum  permissible  noise  levels 

When  the  probable  or  existing  noise  level  of  an  exterior 
noise  source  has  been  determined  (by  measurement^  estimation, 
analogy,  etc.),  the  acceptable  noise  level  in  the  receiving 
room  has  then  to  be  established.  The  difference  between  pro- 
bable or  existing  level  at  the  source  and  acceptable  noise 
level  at  the  recipient’s  position  will  suggest  the  degree  of 
noise  reduction  to  be  achieved  (M— 26).  Criteria  developed  in 
the  last  decade  enable  us  to  specify  those  permissible  noise 
levels  which  will  provide  a satisfactory  environment  for  lis- 
tening to  speech  and  music. 

The  recommended  maximum  permissible  or  desirable  noise  le- 
vels (in  the  representative  octave  bands)  in  various  occupan- 
cies can  be  specified  in  terms  of  Noise  Criterion  curves  (or 
NC  curves),  developed  by  L.L.  Beranek  and  illustrated  in  Figure 
R.l  (R-11).  These  NC  curves  are  recommended  for  specification 
of  the  desired  amount  of  background  noise  levels  for  various 
occupancies  wherever  a favorable  relation  between  the  low  fre- 
quency and  the  high  frequency  portion  of  the  spectrum  is  de- 
sired. Table  R.l  shows  how  permissible  noise  levels  in  various 
occupancies  (with  ventilating  system,  if  any,  operating,  and 
with  normal  outside  traffic  conditions)  can  be  specified  in 
terms  of  NC  curves  (M-26,  R-4>  R-6,  R-11,  R-22,  S-30,  S-125, 
GB-52)»  It  is  assumed  that  the  infiltrating  exterior  noise  is 
meaningless,  because  if  intruding  noise  constitutes  meaningful 
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Figure  R#l#  Noise  Criterion  curves  (NC  curves)  for  use  with 
Tables  R.l  and  R.3  in  determining  the  permissi- 
ble (or  desirable)  sound  pressure  levels  in 
ei^t  octave  bands,  for  various  occupancies*  The 
NC  number  of  each  curve  also  specifies  the  cor- 
responding Speech  Interference  Level  (SIL),  in 
decibels,  used  as  a criterion  in  the  noise  con- 
trol of  Offices.  Each  KC  curve  has  a loudness 
level  in  phons  that  is  22  units  greater  than 
the  SIL'^in  decibels.  (Reprinted  from  Revised 
Criteria  for  Noise  in  Buildings  by  L.L.  Berandc, 
Noise  Control,  Jan.  1937)* 
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communication  (e.g.^ speech  or  music) f other  criteria  apply; 
their  discussion  falls  beyond  the  scope  of  this  study  (R-13t 
R-17,  R-18,  R-19). 


Table  R»l*  Recommended  Noise  Criteria  for 

rooiiB 

Type  of  space 

recoonended 
NC  curve  of 
Figure  R.l 

Concert  Halls 

NC  15-20 

Broadcast  Studiosy  Recording  Studios 

NC  15-20 

Opera  Houses 
Legitimate  Theaters 

MC  20 

more  than  300  seats 

up  to  300  seats  (no  amplification) 

NC  20 
NC  20-25 

Music  Rooms 

NC  25 

Classrooms 

NC  25 

Conference  Rooms  for  30 

NC  25 

Television  Studios,  Motion  Picture 
Studios 

NC  25 

Assembly  Halls 

NC  25-30 

Apartments  and  Hotels 

NC  25-30 

Homes  (sleeping  areas) 

NC  25-35 

Motion  Picture  Theaters 

NC  30 

Churches 

NC  30 

Courtrooms 

NC  30 

Conference  Rooms  for  20 

NC  30 

Hospitals  (Patient  Rooms) 

NC  30 

Libraries 

NC  30 

Restaurants 

NC  40-45 

Coliseums  for  sports  only  (with 
amplification) 

NC  50 

a noise  has  to  be  reduced  to  inaudibility. 

then  the  per- 

missible  noise  levels  are  specified  in  Figure  R#1  by  the  curve 
representing  the  “approximate  threshold  of  hearing  for  contin- 
uous noise"  (R-4f  R-11). 
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Figure  R.2  represents  an  alternate  family  of  Noise  Crite- 
rion curves  (NCA  curves)  recommended  for  use  where  a maximum 
compromise  due  to  the  economic  factor  is  necessary  (R-11). 

R.3  Criteria  for  Office  spaces 

In  speech  communication  it  is  mainly  the  frequencies  between 
600  and  4800  cps  which  affect  intelligibility.  Th.erefore,  a cor- 
responding criterion^  called  Speech  Interference  Level  (SlL)f 
has  been  established  that  is  used  in  assessing  the  effects  of 
noise  on  speech.  If  the  noise  level  is  defined  in  terms  of 
Speech  Interference  Levels,  this  means  the  average,  in  decibels, 
of  the  sound  pressure  levels  of  the  noise  in  the  three  octave 
bands  600  to  1200,  1200  to  2400  and  2400  to  4800  cps.  Table 
R.2  gives  maximum  permissible  Speech  Interference  Levels,  in 
decibels  above  0.0002  microbar,  which  barely  permit  satisfac- 
tory perception  of  natural  adult  male  speech  at  specified  dis- 
tances and  voice  levels  (R— 4,  R— 10,  R-16,  R— 22,  R— 30). 


Table  R.2.  Maximum  Speech  Interference  Levels 
(i-e.,  average  of  the  three  octaves  between  600 
and  4800  cps),  in  decibels  above  0.0002  microbar. 


Distance  from 
speaker,  ft 

normal 

voice 

raised 

voice 

very  loud 
voice 

shouting 

0.5 

71 

77 

83 

89 

1 

65 

71 

77 

83 

2 

59 

65 

71 

77 

3 

55 

61 

67 

73 

4 

53 

59 

65 

71 

5 

51 

57 

63 

69 

6 

49 

55 

61 

67 

12 

43 

49 

55 

61 

Values  of  Table  R.2  apply  when  no  reflecting  surface  is 
nearby,  and  listener  and  talker  are  facing  each  other  (R-4)# 
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Figure  R.2.  Alternate  family  of  Noise  Criterion  curves 
(NCA  curves)  recommended  for  use  where  a 
maximum  compromise  due  to  economic  factors 
is  necessary.  Each  NCA  curve  has  a loudness 
level  in  phons  that  is  30  units  greater  than 
the  SIL  in  decibels,  expressed  by  the  NCA 
number  of  the  curve.  (Reprinted  from  Revised 
Criteria  for  Noise  in  Buildings  by  L.L.  Ber- 
anek.  Noise  Control,  Jan.  1957)# 
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Two  criteria  can  be  used  jointly  to  evaluate  noise  con- 
ditions in  Offices:  the  SIl  in  decibels, and  the  loudness  le- 
vels in  phons;  their  relationship  is  described  in  Figures 
R.l  and  R.2.  Figure  R.3  illustrates  the  relation  of  subjective 
noise  ratings  of  Executive  Office  personnel  to  SIL  and  loud- 
ness level;  since  speech  is  important  in  these  Offices^  an  SIL 
of  about  30  dB  will  be  regarded  as  "quiet**,  while  an  SIL  of 
about  55  dB  will  be  considered  as  "noisy"  in  such  an  Office 
by  its  occupants  (R-4,  R-6,  R-IO,  R-11,  R-13»  R-16,  S-123). 

Figure  R.4  illustrates  the  relation  of  subjective  noise 
ratings  to  SIL  and  loudness  level  for  Secretarial  and  large 
Engineering  Drafting  Rooms  \diere  noise  and  speech  communication 
are  not  so  important.  Upper  parts  of  Figures  R.3  and  R.4  also 
show  the  SIL  ranges  for  telephone  use,  extending  from  satis- 
factory to  tmsatisfactory  (R-4t  R-6,  R-11,  R-16,  R-22). 

These  criteria  apply  to  both  intruding  noises  and  to  noises 
originating  within  the  Offices  themselves.  It  must  be  noted, 
however,  that  internal  noises,  being  under  the  control  of 
Office  personnel,  are  never  as  critical  as  those  coming  from 
outside  (R-4)» 

On  the  basis  of  extensive  study  of  noise  in  Office  spaces 
and  of  observations  in  Industrial  Buildings,  L.l#  Beranek  re- 
commends that  the  KC  curve  for  a parti CTilar  Office  space  be 
selected  with  the  aid  of  Table  R.3.  If  iu  certain  cases  extreme 
economy  is  imperative,  the  corresponding  RCA  curve  should  be 
substituted  for  the  proposed  NO  cun  ,?  (R-6,  R— 11). 

In  selecting  an  NC  curve  or  an  SIL  for  a particular  speci- 
fication, the  architect  or  the  acoustical  consultant  will  have 
to  make  a judicious  judgement,  partly  becf.use  of  frequent  de- 
viation (often  disagreement)  in  people* s reaction  towards  noise 
and  in  local  customs,  «Jid  partly  because  of  the  frequent  lack 
of  funds  for  noise  control  work  (R-6,  S-123). 
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Fi{iure  R#5#  Rating  of  Executive  Offices.  (Reprinted  from 
Revised  Criteria  for  Noise  in  Buildings  by  L.L. 
Beranek^  Noise  COntrolf  Jan.  1957)* 


Figure  R.4.  Rating  of  Clerical  and  Typing  Offices, and  En- 
gineering Drafting  Rooms.  (Reprinted  from  Re- 
vised Criteria  for  Noise  in  Buildings  by  L.L. 
Beranek,  Noise  Control,  Jan.  1957) • 


Table  R#5*  Recommended  Noise  Criteria  for  Offices* 
(Reprinted  from  Criteria  for  Noise  and  Vibration 
in  Buildings  and  Vehicles,  contained  in  "Noise  Re- 
duction" by  L*L*  Beranek,  McGraw-Hill  Book  Co* , 

New  York,  I960). 


NC  curve 
of 

Figure  R.l 

communication  environment 

typical  application 

20-30 

Very  quiet  Office;  telephone 
use  satisfactory;  suitable 
for  large  conferences 

Executive  Offices  and 
Conference  Rooms  for 
50  people 

30-35 

"Quiet"  Office;  satisfactory 
for  conferences  at  a 15  ft 
table;  normal  voice  10  to 
30  ft;  telephone  use  satis- 
factory 

Private  or  semiprivate 
Offices,  Reception 
Rooms  and  small  Con- 
ference Rooms  for  20 
people 

35-40 

Satisfactory  for  confer- 
ences at  a 6 to  8 ft  table; 
telepho  use  satisfactory; 
normal  '^i.ice  6 to  12  ft 

Medium-sized  Offices 
and  industrial  busi- 
ness Offices 

40-50 

Satisfactory  for  conferences 
at  a 4 to  5 ft  table;  tele- 
phone use  occasionally 
slightly  difficult;  normal 
voice  3 to  6 ft;  raised 
voice  6 to  12  ft 

Large  Engineering  and 
Drafting  Rooms,  etc* 

50-55 

Unsatisfactory  for  conferen- 
ces of  more  than  two  or 
three  people;  telephone  use 
slightly  difficult;  normal 
voice  1 to  2 ft;  raised 
voice  3 to  6 ft 

Secretarial  areas 
(typing),  accounting 
areas  (business  ma- 
chines), Blueprint 
Rooms,  etc* 

Above  50 

"Very  noisy";  Office  en- 
vironment unsatisfactory; 
telephone  use  difficult 

Not  recommended  for 
any  type  of  Office 

The  noise  control  problem  can  be  quite  serious  if  the  in- 
trusion of  intellegible  speech  has  to  be  excluded*  When  the 
occupant  of  a room  is  well  protected  against  intelligible  com- 
munication originating  from  an  adjacent  space,  in  other  words, 
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he  has  an  assurance  of  not  being  overheard,  he  is  said  to  have 
speech  privacy#  The  provision  for  speech  privacy  is  associated 
with  a rather  complex  acoustical  design  procedure;  noteworthy 
efforts  have  been  made  to  simplify  this  procedure  (R-17#  R-18, 
R-19). 

R#4  Noise  control  requirements  in  building  codes  and  bylaws 

Requirements  (standards)  or  recommendations  for  the  sound 
insulation  between  various  occupancies,  contained  in  build- 
ing codes,  standards,  bylaws,  etc*,  constitute  important  cri- 
teria for  the  control  of  noise  (R-23>  R— 25#  R-26,  R-27#  R-28, 

R-29#  R-30,  R-31#  R-52,  R-33,  R-54,  R-35). 

Noise  control  requirements  should  be  considered  as  a fun- 
damental component  in  the  environmental  control  of  buildings# 

The  otherwise  reasonable  and  justified  trend  of  continuous 
search  for  lighter,  thinner#  and  more  inexpensive  building  con- 
struction could  not  proceed  in  an  acceptable  direction  (and  also 
noise  levels  would  further  increase  in  buildings),  (a)  without 
building  codes,  standards,  bylaws,  etc# , containing  the  neces- 
sary criteria  for  noise  control,  and  (b)  without  the  architect's 
familiarity  with  architectural  acoustics. 

The  progressive  national  building  codes  throughout  the  world 
contain  noise  control  requirements#  These  requirements  (a)  usu- 
ally list  sound  insulation  values  for  walls  and  floors  in  various 
(particularly  residential)  buildings,  giving  values  for  both  air- 
borne and  impact  sounds,  and  (b)  sometimes  also  specify  accept- 
able locations  of  buildings  in  relationship  to  noise  sources 
(highways,  airports,  etc#)# 

Sound  insulation  requirements  adopted  in  the  bylaws  of  mu- 
nicipalities have  no  value  unless  enforced;  this  can  be  carried 
out,  as  with  other  technical  requirements,  by  withholding  the 
building  permit  if  inspection  of  the  building  plans  or  of  the 
construction  should  reveal  disregard  of  the  relevant  acoustical 

requirements  (R-3)* 
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R«4*l  The  National  Building  Code  of  Canada 

Subsection  3* 6,9  of  Part  3 of  the  Code,  entitled  "Acous- 
tical Insulation",  lists  TL  requirements  for  a variety  of  build- 
ings and  rooms  (R-3,  R-34)»  These  requirements  are  presented  in 
an  original  form,  by  postulating  the  maximum  air-borne  noise  le- 
vels likely  to  be  produced  by  the  occupancy,  and  then  assigning 
maximum  tolerable  air— borne  levels  of  extraneous  noise*  The  re- 
quired TL  for  walls  and  floors  separating  major  occupancies  will 
be  the  difference  between  the  maximum  level  produced  by  one  occu- 
pancy and  the  maximum  acceptable  level  of  extrsuieous  noise  for 
the  adjacent  occupancy.  The  Code  recommends  that  this  calculation 
should  be  made  both  ways,  the  greater  difference  being  used  for 
determining  the  required  TL.  Table  R.4,  part  of  the  corres- 
ponding Table  in  the  Code,  lists  the  necessary  values  to  calcu- 
late the  TL  of  walls  and  floors  (R-34)* 

Table  R*4.  Maximum  air-borne  noise  levels  likely  to  be 
produced  by  various  occupancies  and  the  maximum  toler- 
able air-borne  level  of  extraneous  noise.  (Reprinted 
from  the  National  Building  Code  of  Canada  I960,  issued 
by  the  Associate  Committee  on  the  National  Building 
Code,  National  Research  Council,  Ottawa,  I960)* 


Types  of  use  of 
floor  area  or  room 

maximum  air- 
borne noise 
produced  by 
occupancy 

maximum  air- 
borne level 
of  extremeous 
noise 

units:  decibels  vs. 
standard  reference  level 

Assembly  Rooms  with  fixed 
seats  such  as  Theaters,  Audi- 
toria  or  Concert  Halls 

00 

VJI 

30 

Other  Assembly  Rooms  where 
non-fixed  seats  may  be  used 
including  Classrooms  de- 
signed or  intended  for  as- 
sembly purposes 

85 

30 
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(Table  R.4  cont‘d. ) 


\xeiuxv  WA*V  ^0/ 

Types  of  use  of 

floor  area  or  room  1 

maximum  air- 
borne noise 
produced  by 
occupancy 

maximum  air-  I 
borne  level 
of  extraneous 
noise  | 

units:  decibels  vs* 
standard  reference  level 

1 Concours*'s,  Waiting  Rooms  in  I 

Assembly  Buildings f RotundaSf 
Entrance  Halls 

85 

30 

Stadia  and  Grandstands 

85 

- 

Bowling  Alleys,  Pool  and  Bil- 
liard Rooms  and  similar  areas 

8j 

- 

Classrooms 

■30 

40 

Vocational  Shops 

80 

40 

Operating  and  Clinical  Rooms  in 
Hospitals 

80 

40 

Detention  Quarters 

80 

50 

Reading  or  Writing  Rooms  or 
Lounges  in  other  than  dwelling 
units 

75 

30 

Dining  Rooms  in  other  than 
dwelling  units 

80 

60 

Kitchens  in  other  than  dwelling 
units 

90 

60 

Rooms  used  for  sleeping 

single  rooms  in  other  than 
dwelling  units 

80 

30 

Dormitory 

80 

40 

Dwelling  units,  all  rooms 

80 

30 

Retail  sales  floors 

80 

60 

Manufacturing  or  Process  Rooms 

90 

- 

Offices 

80 

50 

Toilet  and  Locker  Rooms 

80 

- 

Cleaning  and  repair  of  goods 

90 

- 

Exits;  and  Corridors  serving  as 
access  to  exits  from  rooms  or 
suites 

80 

. 

Storage 

90 

■ 

o 
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The  "Housing  Standards a supplement  to  the  National  Build- 
ing Code  of  Canada, published  tp  regulate  the  construction  of 
Residential  Buildings  under  the  National  Housing  Act»  recommends 
that  a minimum  average  TL  of  4^  dB  should  be  provided  between 
dwelling  units  in  the  same  building,  and  between  dwelling  unit 
and  any  space  common  to  two  dwelling  units  (R-33)*  Tables  IV, 

V,  and  VI  of  the  same  publication  list  various  wall  and  floor 
constructions  giving  43  dB  average  TL« 

It  must  be  mentioned  that  the  sound  insulation  requirements 
of  the  National  Building  Code  of  Canada  are  not  compulsory* 

They  are  recommendations  based  upon  extensive  research  work, 
experience  and  comments  by  experts.  It  is  left  to  the  respon- 
sible authorities  of  municipalities  to  make  this  building  code 
or  parts  of  it  compulsory,  if  they  so  wish.  The  National  Build- 
ing Code  of  Canada  is,  in  fact,  drafted  in  the  form  of  a bylaw, 
so  that  it  may  be  adopted  or  enacted  for  legal  use  by  any  mu- 
nicipality (R-34)« 

R.4*2  Foreign  building  codes 

In  the  United  Kingdom  the  Building  Research  Station  of  Eng- 
land has  recommended  the  following  (R-4f  H-30,  R-31f  S-33): 

(a)  for  walls  between  houses  an  air-borne  sound  insulation 
should  be  achieved  as  shown  in  Figure  R.3«A.  Any  deviation 
in  the  unfavorable  direction  should  not  exceed  1 dB  when 
averaged  over  the  whole  frequency  range; 

(b)  for  party  walls  and  party  floors  between  Apartments  a 

higher  (grade  I)  or  a lower  (grade  II)  degree  of  air- 
borne sound  Insulation  should  be  accomplished,  according 
to  local  needs  and  conditions;  these  two  grades  are 
shown  in  Figure  /]g®^®‘S8viation  in  the  unfavorable 

direction  should  not  exceed  1 dB  when  averaged  over 

the  whole  frequency  range; 
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A 


B 


C 


Figure  R.5.  Recommended  criteria  for  the  sound  insulation  of 
Residential  Buildings  in  the  United  Kingdom.  A: 
air-horne  sound  insulation  between  houses.  B:  air- 
borne sound  insulation  between  Apartments.  C:  im- 
pact sound  insulation  between  Apartments.  (Reprint- 
ed from  Acousti  ",  Noise  and  Buildings  by  P.H.  Par- 
kin and  H.R.  Humphreys,  Frederick  A.  Praeger,  New 
York,  1958). 
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(c)  for  impact  sound  insulation  of  floors  between  Apartments 
the  sound  pressure  levels  in  the  receiving  room,  when,  a 
standard  tapping  machine  is  operated  in  the  source  room 
above,  should  not  exceed  the  values  represented  by  the 
diagrams  of  Figure  R.5.C,  Two  grades  are  shown  in  the 
Figure;  grade  I represents  the  highest  insulation  eco- 
nomically practicable  for  floors  in  Apartment  Buildings 
against  impact  sound;  grade  II  provides  a reduced  degree 
of  insulation. 

To  satisfy  a particular  grade,  a floor  construction  between 
dwelling  units  must  meet  the  requirements  of  both  air-borne  and 
impact  sound  insulation. 

Table  R.3  compares  average  TL  values  for  walls  and  floors 
between  specified  occupancies  as  recommended  in  the  building 
codes  of  various  countries  (R-5?  R-4,  R-25#  R-28,  R-29»  R-30, 
R-51,  R-52,  GB-29,  QB-52),  before  about  1950. 

Table  H.5.  Average  TL  values  for  walls  and  floors 
between  specified  occupancies  as  recommended  in  the 
building  codes  of  various  countries^  before  1950. 


Average  TL, 
decibels 


Germany 


Apartments 


51 


Sweden 


Apartments 
Classrooms 
Hospital  Rooms 
Offices 


48 

42 

50 

40 


Norway 


Hospital  Rooms 


Hotel  Rooms 

Classrooms 

Offices 


Apartments 


50 

50 

50 

44 

40 
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(Table  R«3  cont'd*) 

Average  TLf 
decibels 


Austria 

within  the  same  Apartment  40 

between  Apartments  48 

between  houses  53 

Holland 

Apartments  48«32 

Switzerland 

Apartments  32-37 

Classrooms  47-*32 

Offices  47-37 

Hotel  Rooms  32-62 

Hospital  Rooms  32-62 


In  most  countries  sin^e  figure  requirements  or  recommen- 
dations for  th«  insulation  of  both  air-borne  and  impact  sounds 


in  Residential  Buildings  have  been  replaced  by  grading  curves 
similar  to  those  introduced  in  En£^and  (R-20)* 
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S*1  Aud'itoria 

The  effect  of  site  planning  and  architectural  design  on 
the  noise  control  of  Auditoria  has  been  discussed  in  paragraph 
the  most  important  requirement  being  the  reduction  of 
the  Auditorium  noise  levels  produced  by  all  exterior  and  in- 
terior noise  sources^  to  the  lowest  possible  value  (S-lf  GB-21, 
GB-43). 

The  recommended  Noise  Criteria  for  various  Auditoria  have 
been  listed  in  Table  R.l.  The  achievement  of  these  NC  values 
will  necessitate  the  consideration  of  Section  N^  **Sound  In- 
sulating Building  Constructions". 

Table  M.3  has  listed  recommended  horizontal  distances  bet- 
ween a road  carrying  heavy  traffic  and  various  Auditoria  facing 
this  road  (GB— 43)* 

Any  Auditorium  to  be  constructed  on  an  overly  noisy  down- 
town site  should  be  designed^  if  possible^  with  a protective 
(buffer)  zone  of  rooms  between  exterior  noise  sources  and  the 
Auditorium  proper;  this  will  enable  the  use  of  less  insulative 
enclosures  around  the  Auditorium.  Rooms  located  in  the  buffer 
zone  (Vestibule,  circulation  spaces.  Bars,  Restaurants,  Offices, 
etc.)  should  have  sound  absorbent  ceilings. 

The  increase  in  air  traffic  often  necessitates  the  design 
of  particular  sound  insulating  windows  and  roofs  with  proper- 
ly suspended  ceilings  (paragraph  N.3*2).  The  installation  of 
a suspended  ceiling  is  indispensable  in  a contemporary  Audito- 
rium in  order  to  accommodate  ventilating,  air-conditioning, 
and  electrical  services  above  the  room.  The  elimination  of 
windows  is  an  effective  contribution  towards  the  noise  control 
of  Auditoria;  with  ventilating  and  air-conditioning  systems 
available  this  should  be  regarded  as  a normal  design  procedure 
where  excessive  outdoor  noises  have  to  be  excluded  (GB-21, 

GB-43) . 
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If  an  Auditorium  is  subject  to  vibrations  originating  from 
surface  or  underground  trains^  near-by  bus  lines^  etc.f  par- 
ticular precautions  will  have  to  be  taken  to  eliminate  these 
vibrations  from  the  building  structure  (H— 39>  H— 108>  N— 43> 

N-53,  GB-21,  GB-43);  this  is  discussed  in  Section  P* 

S»2  Studios 

The  difference  between  the  noise  control  of  Studios  and 
other  Auditoria  is  one  of  degree  only:  all  noises  from  outside 
and  inside  the  building  likely  to  interfere  with  the  Studio 
activities  must  be  reduced  to  a particvilarly  low  value.  It  is 
not  a question  of  what  noise  levels  are  comfortable  or  econom— 
Icaly  but  what  levels  must  be  secured  if  satisfactory  broad- 
casting, telecasting,  or  recording  is  to  result,  described 
in  Section  J,  "Acoustical  Design  of  Studios"  (J-1,  J-4,  J— 23» 
J— 29,  J*“49f  J*T6,  S— S— 6,  3— T,  S— 8). 

The  recommended  Noise  Criteria  for  various  Studios  are 
listed  in  Table  R.l;  the  provision  for  these  NC  values  will 
require  consideration  of  Section  N,  "Sound  Insulating  Building 
Constructions"  (S— 9)*  lu  addition,  attention  should  be  given 
to  various  general  design  recommendations  outlined  in  sub- 
section M.6. 

In  the  architectural  design  of  Studio  Buildings  the  cre- 
ation of  buffer  zones  around  the  Studio  proper  is  especially 
advantageous.  The  juxtaposition  of  various  occupancies  in 
Studio  Buildings  will  also  require  utmost  care  to  avoid  un- 
wanted noise  transmission  through  floors  (J-1,  S-5,  GB-43)* 

Table  S.l  lists  the  tolerances  of  various  Studios  to 
noise  in  general,  and  also  to  interference  from  noise  sources 
.having  a meaningful,  intelligible  content  (GB-43)* 
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Table  S.l.  Tolerance  of  Studios  to  noise  in 
general  and  to  interference  from  noise  sources 
having  a meaningful  content.  (Reprinted  from 
Acoustics^  Noise  and  Buildings  by  P.H.  Parkin 
and  H.R.  Humphreys,  Frederick  A.  Praeger, 

New  York,  1958). 


Room 

rating  as 
noise  source 

tolerance 

noise 

of  incoming 
interference 

Music  Studio,  Radio 
or  Recording 

high 

very  low 

very  low 

Talks  and  Drama 
Studios,  Radio  or 
Recording 

medium 

very  low 

very  low 

Control  and  Listen- 
ing Rooms,  Radio,  Re- 
cording or  Tele- 
vision 

high 

low 

very  low 

Television  Studios, 
including  Dubbing 
Suites 

high 

low 

very  low 

Recording  Rooms 

medium 

low 

low 

The  suppression  of  noise  originating  from  ventilating  and 
air-conditioning  systems,  a particularly  important  aspect  in 
the  noise  control  of  Studios,  has  been  dealt  with  in  Section  0 
(0-6,  0-14,  0-18,  0-45,  0-86). 

S.3  Residential  buildings 

The  most  common  noise  sources  which  occur  in  Residential 
Buildings  have  been  described  in  subsection  M.3  (S-15,  S-30, 
S-32,  S-38,  S-40,  S-43). 

The  effects  of  town  planning,  site  planning,  and  architec- 
tural design  on  the  noise  control  of  Residential  Buildings 
have  been  discussed  in  paragraphs  M.6.2,  M.6.3,  and  M.6.4. 
Recommended  Noise  Criteria  for  Homes  and  Apartments  are 


listed  in  Table  R.l  (R-15,  R-17,  R-18,  R-19,  3-15).  The  noise 
control  requirements  for  the  sound  insulation  between  various 
occupancies  in  Residential  Buildings j recommended  by  the  Nation- 
al Building  Code  of  Canada  and  other  building  codes, have  been 
described  in  subsection  R*4* 

Tables  N,2  and  N.3  list  average  air-borne  sound  transmission 
losses  for  typical  wall  and  floor  constructions  suitable  for 
use  in  Residential  Buildings.  Figure  N.5  illustrates  a curve 
of  maximum  acceptable  impact  sound  pressure  levels  for  floor 
constructions  in  Apartment  Houses,  recommended  by  the  Fed- 
eral Housing  Administration  (Washington,  D.C.).  Additional  in- 
formation on  the  TL  of  various  enclosures  that  can  be  used 
in  Residential  Buildings  is  available  from  many  sources  (N-4, 
N-95,  3-14,  S-21,  S-23f  S-55,  GB-21,  GB-29). 

Residential  Buildings  constructed  in  quiet  rural  or  sub- 
urban districts  will  require  a higher  degree  of,  sound  insu- 
lation than  those  built  in  noisy  areas,  because  noises  from 
the  neighbors  will  be  more  readily  noticed  in  a quiet  than 
in  a noisy  surrounding.  It  is  often  noticeable  that  occupants 
of  Apartments  who  are  almost  conditioned  to  the  noisy  environ- 
ment of  densely  populated  areas  are  less  concerned  about  the 
sound  insulation  than  those  accustomed  to  a quiet  environment 
C^-4). 

Additional  information  on  the  soundproof  furnishing  of 
Homes  and  Apartments  is  available  from  various  articles  (3-12, 
3-16,  3-20,  3-26,  3-27,  3-28,  S-29,  3-30). 

3.4  Hotels,  Motels 

In  the  noi  e control  of  Hotels  and  Motels  three  types  of 
rooms  require  attentions  (a)  public  and  social  rooms^  such  as. 
Dining  Room,  Reading  Room,  Ball  Room,  Recreation  Room,  Con- 
vention Rooms,  etc.,  (b)  Guest  Rooms,  and  (c)  circulation  areas, 
such  as  Lobby,  Corridors,  etc.  (3-47,  3-48,  S-5I9  GB-52)o 
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The  principal  acoustical  requirements  in  the  public  and 
social  rooms  are:  (a)  adequate  protection  against  noises  ori- 
ginating from  exterior  sources  or  from  adjacent  rooms,  and 
(b)  control  of  noise  and  reverberation  within  the  rooms  them- 
selves* Relevant  subjects  have  been  discussed  in  Sections  M, 

N,  and  0,  and  subsection  F#5  (S-48,  S-50)#  If  public  rooms 
have  to  be  subdivided  into  two  or  more  spaces  by  means  of 
folding  partitions,  then  these  folding  partitions  should 
possess  an  average  TL  of  35  to  50  dB,  depending  on  the  de- 
sired function  of  the  individual  spaces* 

In  the  main,  noise  control  problems  of  Guest  Rooms  are 
identical  with  those  encountered  in  Apartment  Buildings, 
since  every  room  of  a Hotel  or  Motel  should  be  considered  as 
an  isolated  Apartment  (S-4T,  S-49).  An  average  TL  of  40  to  45 
dB  is  recommended  between  adjacent  rooms,  and  between  rooms 
and  corridors  for  low-cost  Hotels  or  Hotels  and  45  to  53  dB 
for  high-cost  ones  (S-51,  GB-52)*  Direct  coniiection  between 
adjacent  Guest  Rooms  by  doors  should  be  avoided,  unless  acous- 
tically efficient  doors  are  installed* 

Carpeting  in  all  spaces  is  essential  to  eliminate  impact 

noises* 

Exterior  walls  should  provide  an  average  TL  of  40  to  50  dB, 
according  to  local  needs;  openable  windows  limit  these  values* 
Particular  attention  should  be  paid  to  the  elimination  of 
mechanical  noises  (Section  0)* 

S*5  Schools 

Because  of  the  importance  of  favorable  hearing  conditions  in 
all  educational  establishments,  acoustics  is  a fundamental 
physical  attribute  that  will  contribute  to  the  function  of 


o 


a School* 
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The  sound  control  of  a School  requires  consideration  of# 
the  following: 

(a)  selection  of  the  site  (S-54,  S«*57f  S-60); 

(b)  site  planning,  described  in  paragraph  M«6«3  (3-33» 
S-57f  S-75); 

(c)  roon-acoustical  design  of  Classrooms,  Lecture  Halls, 
Auditoritua,  Theater,  Gymnasium,  Music  Rooms,  Audio- 
Visual  Rooms,  etc*;  this  has  been  discussed  in  Sec- 
tions F,  G,  and  H (S-53f  S-59,  S-71); 

(d)  control  of  exterior  and  interior  noise  throughout  the 
entire  building  (S-55,  S-56,  S-62,  S-63,  S-69,  S-76). 

General  design  considerations,  also  applicable  to  Schools, 
have  been  reviewed  in  paragraph  M«6*4*  Recommended  Roise  Crite- 
ria for  various  School  Rooms  are  listed  in  Table  H*1  (sub- 
section R*2)« 

For  purposes  of  sound  insulation^the  British  Standard  Code 
of  Practice  groups  various  rooms  of  Schools  as  following  (R-30): 
Class  A:  noise  producing,  such  as  Workshops,  Kitchens,  Dining 
Rooms,  Gymnasia,  indoor  Swimming  Pools,  and  Boiler 
Rooms; 

Class  B:  noise  producing,  but  needing  quiet  at  times,  such  as 
Assembly  Halls,  Lecture  Halls,  Music  Rooms,  Commerce 
and  Typing; 

Class  C:  average,  such  as  General  Classrooms,  Practical  Rooms, 
Laboratories,  and  Offices; 

Class  D:  rooms  needing  quiet,  such  as  Libraries,  Study  Rooms; 
and 

Class  £:  rooms  needing  privacy,  such  as  Medical  Rooms,  and 
Staff  Rooms* 
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The  minimum  noise  reductions  recommended  by  the  British 
Standard  between  these  rooms  are  the  following: 

between  rooms  of  Class  A 25  dB 

between  rooms  of  Class  C or  D 55  dB 

between  rooms  of  Class  B or  £ 45  dB 

When  a room  is  likely  to  have  a dual  use^  the  higher  noise 
reduction  value  should  be  used.  The  recommended  minimum  noise 
reduction  between  rooms  of  different  classes  is  4!/  dB,  subject 
to  various  conditions. 

Acoustical  problems  are  increasing,  in  the  contemporary 
School  due  to  several  changes:  (a)  changes  from  the  old  ways 
of  doing  things  academically,  and  (b)  the  concept  of  change- 
ability is  being  incorporated  in  to-day's  building,  recognizing 
change  as  an  important  element  in  educational  progress  (S— 73)» 
Currently  there  is  a remarkable  movement  in  Classroom  lay- 
out that  advocates  absolute  freedom  of  activity  through  the 
elimination  of  doors  and  permanent  partitions  (S-62,  S-65>  S-72, 
S-.74,  S-76);  this  trend  favors  the  use  of  movable  partitions, 
thereby  providing  a possibility  of  adjusting  the  size  of  the 
Classroom  to  suit  momentary  space  requirements.  In  some  cases 
partitions  are  completely  eliminated  from  a larger  space  where 
several  teaching  groups  meet  simultaneously  (S-52,  S-66,  S-67> 
S-68,  S-73,  S-76).  This  flexible  arrangement  admittedly  elimi- 
nates the  cost  of  partitions,  even  though  more  floor  area  has 
to  be  provided  per  student  than  would  be  necessary  in  a con- 
ventional layout.  The  revolutionary  layout  of  open  Classrooms 
challenges  the  long-established  belief  that  55  to  45  dB  average 
TL  is  mandatory  between  Classrooms  (S-74)»  It  appears  that  the 
standard  stereotype  Classroom  layout  is  losing  in  popularity 
and  several  new  arrangements  are  emerging  (S-72).  One  is  in- 
clined to  conclude  that  the  overall  environment  of  specific 
Classrooms  seems  to  be  more  important  than  the  degree  of  a— 
coustical  separation  between  Classrooms  (S-74)# 
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Subdivisible  School  Auditoria  are  often  b\iilt,  thus  accon- 
modating  4 to  5 additional  Classrooms  within  the  Auditorium 
space^  and  separated  by  operating  (moving)  partitions.  The 
combination  of  a relatively  high  ambient  noise  level  with 
bigh— performance  operating  partitions  make  possible  the  si- 
multaneous use  of  all  spaces  created  by  subdivision  (S— 70> 

S-75,  S-76). 

S.6  Hospitals 

The  Hospital  is  unquestionably  a building  whose  occupants 
are  particularly  affected  by  noise.  The  selection  of  a suitable 
site,  therefore,  must  be  considered  with  special  attention  to 
possible  traffic  noises  of  highways,  railroads,  airport  and 
also  to  noise  originating  from  parking  areas  (paragraph  M.6.3)* 

Exterior  noises  are  exceeded  in  number  by  the  interior 
noises  mainly  because  inherent  mechanical  units  of  a Hospital 
are  fundamentally  noisy.  Interior  noises  are^  caused  by  (S-85): 

(a)  mechanical  equipment  (machinery,  boilers,  pumps,  fans, 
ventilators,  transformers,  elevators,  air-conditioning 
equipment,  etc.); 

(b)  operational  facilities  (plumbing  units,  refrigerators, 
ice  machines,  dishwashers,  sterilizers,  autoclaves, 
housekeeping  facilities,  etc.); 

(c)  patient  service  facilities  (oxygen  tanks,  carrier 
carts,  instrument  cases,  etc.); 

(d)  personnel  activities  (staff  talk  and  walking  in 
corridors);  and 

(e)  patients  and  visitors. 

In  the  acoustical  design  of  Hospitals  it  is  essential  to 
specify  the  Noise  Criteria  (shown  in  Figure  R.l)  of  both  im- 
portant rooms  and  various  pieces  of  equipment.  Table  S.2 
lists  Noise  Criteria  for  various  rooms  of  Hospitals,  re- 
commended by  L.S.  Goodfriend  and  R.L.  Cardinell  (S-83)« 
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Table  3»2«  Recommended  Noise  Criteria  for 
various  rooms  in  Hospitals. 


Room 


recommended 
NC  curve  of 
Figure  R«1 


Patient  Room 


Nurses'  Station 
Surgery  and  Delivery 


Private  Office 
General  Office 


NC-50 

NC-35 

NC-40 

NC-55 

NC-45 


The  average  TL  against  air— borne  noise  between  Patient 
Rooms  should  be  about  45  to  50  dB  depending  on  the  importance 
given  to  acoustical  considerations  (R— 30>  S— 84)*  Special  sound 
insulation  should  be  provided  for  Maternity  and  Nursery  Rooms 
and  for  spaces  of  acute  sufferers  who  are  likely  to  be  noisy 
(S-79);  between  such  rooms  with  occupants  particularly  sus- 
ceptible to  noises,  an  average  TL  of  about  50  to  55  (sometimes 
60)  dB  is  required  (GB-52)*  For  walls  between  Patient  Rooms 
and  Corridor  an  average  TL  of  about  45  dB  seems  to  be  satis- 
factory; efficient  sound  insulating  doors  should  be  used  in 
these  walls.  The  use  of  a floating  floor  is  seldom  required 
in  Hospitals  ( GB-52) • 

To  achieve  the  design  goals  for  noise  control  the  aspects 
outlined  in  subsection  M.6,  and  in  Sections  0 and  P should  be 
observed.  In  addition,  attention  should  be  given  to  the  follow- 
ing recommendations  (S-78,  S-79»  S-80,  S-81,  S-82,  S-84,  GB-43# 
GB-52) : 

(a)  in  selecting  a site  and  in  site  planning  consideration 
sh^  Id  be  given  to  the  following  items:  distance  from 
exterior  noise  sources;  effect  of  nearby  high  buildings 
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as  noise  reflectors;  nearby  traffic  conditions  (high- 
way grades,  traffic  volume,  traffic  lights,  etc,); 
use  of  certain  buildings  as  sound  barriers; 

(b)  loading  platforms  and  parking  areas  (for  visitors, 
staff  members,  and  personnel)  should  be  carefully 
located,  particularly  to  avoid  noise  at  undesirable 

times; 

(c)  mechanical  plant  should  be  placed  preferably  in  a 
separate  building; 

(d)  closed  courts  should  be  avoided,  unless  rooms  facing 
the  court  are  air-conditioned  with  hermcT\cally  sealed 

fixed  windows; 

(e)  corridors,  as  potential  noise  sources,  should  be 
avoided  or  planned  as  short  as  possible; 

(f)  doors  to  opposite  rooms  should  be  staggered;  all  doors 
should  be  fitted  with  silent  closers; 

(g)  equipment,  operational  facilities  and  patient  service 
facilities  should  be  selected,  installed  and  operated 
for  minimum  noise  output;  every  item  of  equipment 
should  be  considered  to  see  if  hard  materials  could 
not  be  replaced  by  some  resilient  materials. 

Rooms  to  be  used  for  instruction  purposes,  conferences,  or 
meetings,  should  be  treated  so  that  ihey  jttwida  good  acoustical 

conditions  for  the  intelligibility  of  speech. 

Virtually  all  rooms  of  a Hospital  should  be  treated  to  a 
greater  or  lesser  extent  with  sound  absorptive  material  to 
reduce  the  noise  level;  this  acoustical  treatment  used  for 
noise  reduction  purposes  is  a supplement  to,  not  a substitute 
for,  satisfactory  insulation  between  adjacent  rooms  (S-79). 

Acoustical  materials  (discussed  in  Section  E)  should  be 
carefully  selected  so  that  they  do  not  interfere  with  sani- 
tary requirements  of  the  Hospital.  Plastic  faced  mineral  f«ber 
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tiles,  metal  pan  acoustical  ceiling  with  mineral  wool  pad,  or 
mineral  wool  blankets  covered  with  perforated  boards  will  meet 
these  requirements.  Floors  should  be  covered  with  a resilient 
covering  (rubber  tile,  cork  tile,  vinyl  tile,  linoleum,  etc.) 
to  reduce  impact  noises. 

5.7  Audiometric  Rooms,  Sound  Laboratories 

Used  for  audiometry  and  for  acoustical  measurements  and 
research,  these  rooms  are  practicail  applications  of  disconti- 
nuous construction,  discussed  briefly  in  paragraph  N.5*5*  Since 
their  design  and  construction  constitutes  specific  problems  of 
architectural  acoustics,  their  discussion  falls  beyond  the 
bounds  of  this  study.  Information  on  these  types  of  rooms  is 
available  from  a number  of  articles  (S-87,  S-89,  S-90,  S-91, 
S-92,  S-97,  S-100,  S-102,  S-104,  S-105,  S-107,  S-108,  S-109). 

5.8  Museums,  Libraries 

In  Museums  and  Libraries  every  reasonable  effort  should  be 
made  to  provide  a quiet  environment  essential  for  study  or 
reading  in  the  Library  or  for  the  contemplation  of  the  works 
of  art  on  display  in  Museums  (S-112).  This  will  suggest  the 
use  of  a reasonable  amount  of  sound  absorbing  materials  along 
the  boundary  surfaces  in  order  (a)  to  reduce  R.T.  to  a minimum, 
and  (b)  to  reduce  any  noise  within  the  room  created  by  the 
dropping  of  a book,  closing  of  a door,  coughing,  talking,  or 
other  activities  (S-lll,  S-113,  S-115). 

Recommended  Roise  Criterion  for  Libraries  has  been  listed 
in  Table  R.l  (subsection  R.2). 
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S.9  Offices 

Practical  noise  control  of  Offices  involves  (a)  protection 
against  exterior  noise  from  various  sources,  and  (b)  adequate 
insulation  (horizontally  and  vertically)  between  individual 
spaces  in  order  to  secure  speech  privacy,  i.e., speech  origi- 
nating in  one  Office  should  not  be  intelligible  in  an  adjacent 
Office  (M-122,  S-116,  S-117,  3-118,  S-119,  3-120,  3-122). 

The  following  are  the  most  common  noise  sources  of  Offices 

{S-119,  3-120,  GB-43)s 

(a)  outdoor  noises  originating  from  traffic,  or  from  pX^- 
grounds^  arenaSf  6tc*5 

(b)  industrial  noises  associated  with  manufacturing  pro- 
cesses, factory  machinery,  construction  projects,  mar- 
shalling yards,  etc.; 

(c)  mechanical  noises  caused  by  heating,  ventilating,  and 
air-conditioning  systems,  plumbing,  elevators,  esca- 
lators, pneumatic  tubes,  etc.;  and 

(d)  typical  Office  noises  created  by  business  machines, 
teleprinters,  typewriters,  call  systems,  telephones, 
speech,  circulation  on  hard  floor  finishes,  doors,  etc. 

The  reouired  Noise  Criteria  for  Offices  have  been  listed 
and  discussed  in  subsections  R.2,  R.3»  R.4;  to  achieve  them, 

the  "Methods  of  noise  control"  outlined  in  subsection  M.6  should 
he  observed  in  conjunction  with  Sections  0,  "control  of  Mechan- 
ical Noises",  and  Section  P,  "Vibration  Control".  Transmission 
loss  values  for  '^alls  and  floors  between  Offices,  recommend- 
ed in  various  building  codes,  are  listed  in  Table  R.5(S-123). 

The  British  Standard  recommends  ttm  foaiowlng  minimum  average 
transmission  losses  in  Offices  (R— 30). 


45  dB 


(a)  for  walls  betrsen  Offices  requiring  quiet, 
on  a quiet  site  where  privacy  is  required 
{h)  for  walla  between  Offices  requiring  quiet, 
but  on  a noisy  site  where  a lower  degree 
of  privacy  is  tolerable 

(c)  for  walls  between  Clerical  Offices  where 
noise  is  not  a major  nuisance 

(d)  for  floors  (to  be  furnished  with  a re- 
silient finish) 

The  division  of  rentable  Office  space  by  light-weight, 
movable  partitions,  subsequent  to  the  completion  of  the  build- 
ing, is  becoming  increasingly  usual.  The  acoustical  perform- 
ance of  most  of  these  partitions,  erected  up  to  the  underside 
of  a suspended  ceiling,  seldom  exceeds  a TL  of  25  to  30  dB; 


40  dB 


20-30  dB 


40  dB 


this  is  insufficient  in  most  cases,  unless  the  background  or 
traffic  noise  is  so  high  that  it  masks  (drowns  out)  the  sounds 
coming  through  the  light-weight  partition. 


With  light-weightr  prefabri canted,  movable  partitions, 
built  up  to  the  suspended  ceiling,  particular  attention  should 
be  paid  to  make  sure  that  (S— US,  S— 121,  S— 122,  S— 123)» 

(a)  all  apertures,  gaps,  and  joints  at  side  walls,  floor, 
and  ceiling  are  properly  sealed,  and 

(b)  sound  barriers  are  provided  above  the  ceiling  with  a 
noise  reduction  characteristic  that  will  not  be  re- 
duced by  ducts,  conduits  and  cables  installed  in  the 
ceiling  space. 

Additional  information  on  suspended  ceilings  was  given  in 
paragraph  N.3.2  (S-123)# 

The  noise  reducing  effect  of  acoustical  treatment  in 
rooms  has  been  discussed  in  paragraph  M.6.8. 
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Various  nomograms  are  published  in  articles  as  a guide 
for  the  quick  determination  of  the  required  insulation  of 
Office  partitions^  depending  on  the  sound  level  of  the  noise 
source 9 on  the  prevailing  background  noise  conditions^  and 
on  the  permissible  noise  level  in  the  Office  under  consid- 
eration (S-119,  GB-43). 

3*10  Restaurants^  Cafeterias 

The  acoustical  problem  in  Restauremts  and  Cafeterias  is 
simply  one  of  reducing  reverberation  and  noise^  •mostly  cre- 
ated within  the  room  or  in  adjacent  spaces^  such  as  Kitchen^ 
Service  Rooms,  etc*  (3-124,  3-126)* 

In  middle  and  high  class  Restaurants,  elements  of  the 
room  decoration  (draperies,  carpets,  wall  panelings,  lighting 
fixtures,  flowers,  etc*)  will  contribute  beneficially  to  sound 
absorption*  In  addition,  the  use  of  acoustical  treatment  along 
available  (mostly  ceiling)  surfaces  should  be  considered*  To 
achieve  the  required  degree  of  noise  reduction  in  Cafeterias, 
it  is  important  to  treat  acoustically  the  ceiling  of  the  dining, 
serving  and  all  other  adjacent  areas  as  well* 

The  use  of  a Sound  Lock  between  dining  space  and  Kitchen 
is  always  advantageous  to  exclude  Kitchen  noise  from  the  dining 
area* 

Those  acoustical  materials  should  be  used  in  Restaurants 
and  Cafeterias  which  can  withstand  humidity,  can  be  cleaned 
easily,  and  painted  repeatedly  (3-124,  3-126)* 

Table  R*1  shows  the  recommended  Noise  Criteria  for  Restau- 
rants* 

3*11  Transportation  Buildings 

Even  though  every  Transportation  Building  (Railway  Sta- 
tion, Subway  Station,  Bus  Terminal,  Harbor,  etc*)  has  its 
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own  specific  problem  of  eliminating  the  noise  logically  asso« 
dated  with  its  function,  this  subsection  will  outline  prima- 
rily noise  control  problems  of  Airports  (S-129,  S-130,  S-133, 
3-137). 

Airports  have  adways  presented  a most  annoying  sonic  en- 
vironment, seriously  affecting  passengers,  employees, and 
neighbors  alike.  In  spite  of  the  fantastic  amount  that  is 
being  spent  on  noise  suppression  devices,  it  is  anticipated 
that  Airport  noise,  resulting  mainly  from  take-off  operations, 
is  likely  to  increase  in  the  future  (S-127,  S-128). 

The  major  function  of  a large  city  Airport  is  to  provide 
adequate  facilities  for  the  transport  of  poeple  and  freight; 
however,  it  also  provides  a large  number  of  additional  ser- 
vices to  both  the  airlines  and  their  customers  (Executive, 
Clerical  and  Engineering  Operation  Offices;  Ticket- Counters, 
Shops,  Lunch  Counters  and  luxury  Restaurants;  maintenance, 
baggage,  and  cargo  handling  areas,  etc.).  Since  functional 
activities  within  most  of  these  occupancies  include  either 
direct  speech  or  telephone  conversation,  the  acoustical  cri- 
teria for  the  noise  control  of  Airports  should  be  established 
with  the  intent  of  securing,  adequate  speech  privacy  for  the 
various  spaces.  For  this  reason,  and  also  because  the  noise 
of  turboprops  and  turbojets  is  disturbing  predominantly  in 
the  high  frequency  range,  it  follows  that  the  controlling 
frequency  range  in  the  acoustical  calculations  should  be 
between  600  and  4800  cps,  with  the  logical  use  of  the  Speech 
Interference  Levels  (R-4,  R-11,  S-130). 

The  TL  of  building  materials,  which  might  be  considered 
for  wall  and  roof  constructions  of  Airports,  should  be,  there- 
fore, particularly  favorable  in  the  SIL  bands  (S-130). 

Detailed  information  on  various  aspects  of  the  noise  con- 
trol of  Airports  is  available  from  a number  of  sources  (S-129, 
S-130,  S-131,  S-133,  S-136,  S-137,  S-138). 
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S.12  Industrial  Buildings 

Koise  levels  of  various  industrial  noise  sources,  as 
listed  in  fable  M.l,  clearly  indicate  the  necessity  for  an 
effective  noise  control  in  several  industries. 

In  the  noise  control  of  Industrial  Buildings  the  require- 
ments are  the  following  (M-122,  3-130,  S-l67f  GB-21,  GB-52): 

(a)  to  provide  a reasonable  acoustical  environment  for 
the  individual  workmen  (machine  operators)  who  pro- 
duce the  noise; 

(b)  to  facilitate  speech  communication  among  operators, 
to  the  required  degree; 

(c)  to  protect  other  workers  or  employees,  either  close 
to  the  noise  source  or  at  some  other  location  within 
the  same  building;  and 

(d)  to  prevent  the  transmission  of  noise  into'  adjacent 
buildings  or  into  the  surrounding  community. 

Workmen  can  be  protected  either  by  introducing  sound  ab- 
sorbent materials  into  the  noisy  space,  outlined  in  para- 
graph K.S.S,  or  by  suppressing  the  noise  at  the  source  by  the 
use  of  a sound-reducing  enclosure  (screening)  around  the  ma- 
chine making  the  noise;  this  was  described  in  paragraph  N.6.1 
(S-141,  S-149f  S-153,  S-155,  S«163).  If,  after  all  these  meas- 
ures, the  noise  level  is  still  above  the  tolerable  degree,  the 
workers  should  protect  their  hearing  by  means  of  suitable  ear 
defenders  (S-160,  S-164,  S-166,  3-167).  In  conjunction  with 
the  use  of  noise  reducing  enclosures  around  noisy  machines, 
it  must  be  noted  that  the  operator  of  the  offending  equipment 
is  seldom  critical  about  the  noise  produced  by  the  machine 
under  his  control;  he  will  often  check  the  efficiency  and 
performance  of  the  machine  by  the  noise  it  generates. 
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Considerable  noise  reduction  may  be  achieved  in  a noisy 
industrial  building  by  means  of  organization  (discussed  in 
paragraph  M.6.7). 

The  provision  for  adequate  speech  intelligibility,  the 
protection  of  employees  working  within  the  boundaries  of  the 
noisy  building,  and  also  the  confinement  of  the  disturbing 
noises  within  their  legitimate  premises  can  be  accomplished 
by  the  use  of  suitable  sound  insulating  enclosures,  de- 
scribed in  Section  U (3-157,  S-158).  It  is  important  to  con- 
sider the  frequency  distribution  of  the  offending  noise  so 
that  suitable  enclosures  can  be  selected  with  effective  TL 
at  these  critical  frequencies. 

Figure  M.7  lists  recommended  distances  between  various 
noise  producing  industries  and  residential  areas. 

Various  aspects  of  the  control  of  industrial  noise  have 
been  presented  in  numerous  articles  (S-139>  S-140,  S-142, 
S-143,  S-144,  S-145,  S-146,  S-147,  S-148,  S-151,  S-152,  S-154, 
S-156,  3-159,  3-161,  S-162,  S-165,  S-168,  S-169,  S-170,  3-171, 
S-172,  3-173,  S-174). 
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1958,  p.  170-172. 

S-82  Noise  control  in  a Research  Hospital  by  F.B.  Taylor. 
Noise  Control,  Vol.  4,  Sep.  1958,  p.  9-11,  62. 

♦ S-83  Noise  control  in  Hospitals.  King  Edward’s  Hospital 

Fund  for  London,  London,  I960,  pp.  31* 

♦ S-84  Krankenhauser,  Sanatorien  (contained  in  "Handbuch 

der  Schalltechnik  im  Hochbau")  by  F.  Bruckmayer. 
Franz  Deuticke,  Vienna,  1962,  p.  40-46. 

♦ S-85  Noise  in  Hospitals  by  L.S.  Goodfriend  and  R.L.  Car- 

dinell.  U.S.  Department  of  Health,  Education, and 
Welfare,  Publication  No.  930-D-ll,  Washington,  1963, 

pp.  130. 

Audiometric  Rooms,  Sound  Laboratories 

Articles,  papers,  reports 

S-86  A sound  measurement  room  utilizing  the  live  end  - 
dead  end  Studio  principle  by  M.D.  Stahl  suid  W.C. 
Louden.  J.  Acoust#  Soc.  Am.,  Vol.  13,  July  1941, 
p.  9-15. 

♦ S-87  Acoustic  laboratory  in  the  new  RCA  Laboratories  by 

H.F#  Olson.  J.  Acoust.  Soc.  Am.,  Vol.  15,  Oct.  1943# 

p.  96-102. 

S-88  Demountable  soundproof  rooms  by  W. S,  Gorton#  J. 
Acoust#  Soc.  Am#,  Vol#  17,  Jam.  1946,  p#  236-239. 

♦ S-89  The  design  and  construction  of  anechoic  sound 

chambers  by  L.L.  Beranek  and  H.P.  Sleeper  Jr.  J. 
Acoust.  Soc.  Am.,  Vol.  18,  July  1946,  p.  140-150. 

♦ S-90  Construction  and  design  of  Parmly  Sound  Laboratory 

and  anechoic  chamber  by  P.J.  Mills.  J.  Acoust.  Soc. 
Am.,  Vol.  19#  Nov.  1947#  p.  988-992. 
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-§•  S-91  Performance  of  the  anechoic  room  of  the  Parraly  Sound 
Laboratory  by  H.C.  Hardy,  F.G.  Tyzzer  and  H.H.  Hall. 
J.  Acoust#  Soc.  Am.,  Vol.  19>  Nov<,  1947,  p»  992—995. 

-•»  S-92  Soundproof  construction  for  aural  rehabilitation  by 
T.L.  Soontup  and  M.  Bergman.  Progr.  Arch.,  Mar.  1948, 

p.  70-75. 

S-93  Theory  of  linings  for  anechoic  rooras,  based  on  the 

principle  of  gradual  transition  (contained  in  '»Noise 
and  Sound  Transmission”)  by  A.  Schoch.  The  Pnysical 
Society,  London,  1949,  P-  167-173. 

3-94  Anechoic  chamber  for  acoustic  measurements  by  D.W. 

Robinson.  Elec.  Commun.,  Vol.  28,  Mar.  1951,  p.  70- 

77. 

S-95  Hallraumversuche  mit  gerichteten  Sende-  und  Empfangs- 
anlagen  by  E.  Meyer, and  H.G.  Diestel.  Acustica,  Vol. 
4,  1952,  p.  161-166. 

S— 96  Neuer  Schallraum  der  Technischen  Hochschule  Karls- 

ruhe by  H.  Ebel  and  P.  Maurer.  Akustische  Beihefte, 
No.  4,  1952,  p.  253-255. 

S— 97  A reverberation  chamber  with  poly cylindrical  walls 

by  J.H.  Botsford,  R.K.  lane  and  H.B.  Watson.  J . A- 
coust.  Soc.  Am.,  Vol.  24,  Nov.  1952,  p.  742-744. 

S— 98  Untersuchungen  zur  Verbesserung  der  Auskleidung 

schallgedampfter  Raume  by  G.  Kurtze.  Akustische 
Beihefte,  No.  2,  1952,  p.  104-107. 

S— 99  Bau  eines  reflexionsfreien  Raumes  fur  Schallwellen 

und  elektrische  Dezimeterwellen  by  G.W.  Epprecht, 

G.  Kurtze  and  A.  Lauber.  Akustische  Beihefte,  No.  2, 

1954,  p.  567-577. 

•I*  S— 100  Sur  Pormgebung  von  Hallraumen  fur  Messzwecke  by  G. 
Venzke.  Acustica,  Vol.  6,  No.  1,  1956,  p.  2-11. 

S— 101  The  Penn  State  anechoic  chamber  by  R.L.  Berger  and 
£•  Ackerman.  Noise  Control,  Vol.  2,  No.  5,  1956, 

p.  16-21. 

♦ S-102  Design  and  performance  of  a new  reverberation  room 
at  Armour  Research  Foundation,  Chicago,  Illinois 
by  D.R.  McAuliffe.  J.  Acoust.  Soc.  Am.,  Vol.  29, 

Dec.  1957,  p.  1270-1273. 

S-IO3  Facilities  for  the  Westinghouse  power- transformer 
sound  room  by  T.R.  Specht.  Noise  Control,  Vol.  4, 
Jan.  1958,  p.  10-13,  60. 
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♦ S-104 

♦ 3-105 

3-106 

3-107 

3-108 

S*X09 

S-110 

Museums, 

♦ S-111 

♦ S-112 

♦ S-113 

♦ S-114 

♦ S-115 


Design  of  wedges  for  ariechoic  chambers  by  B.G. 
Watters.  Noise  Control,  Vol.  4»  Nov.  1958,  p.  32-37. 

New  airborne  Sound  Transmission  Loss  measuring 
facility  at  Riverbank  by  R.L.  Richards.  J.  Acoust. 
Soc.  Am.,  Vol.  30,  Nov.  1958,  p.  999-1004. 

The  upper  limits  for  the  reverberation  time  o'f  re- 
verberation chambers  for  acoustic  and  electromag- 
netic waves  by  K.  Walther.  J.  Acoust.  Soc.  Am., 

Vol.  33,  ?eb.  1961,  p.  127-136. 

Effect  of  external  sound  fields  on  hearing  tests 
in  audiometric  booths  by  J.E.  Angell  and  H.C.  Hardy. 
Noise  Control,  Vol.  7,  May-June  1961,  p.  22-26. 

Acoustic  pioperties  of  anechoic  chamber  by  N.  Olson. 
J.  Acoust.  Soc.  Am.,  Vol.  33,  June  1961,  p.  767-770. 

Design  and  application  of  a semi— anechoic  sound  test 
chamber  by  C.H.  Allen  and  A.C.  Potter.  Sound,  Vol. 

1,  Jan.-Peb.  1962,  p.  34-39. 

Experimental  buildings  for  sound  insiilation  studies 
by  0.  Brandt  and  S.  Wahlstrom.  Congress  Report  No. 
L57,  Fourth  International  Congress  on  Acoustics, 
Copenhagen,  1962,  pp.  4. 


libraries 

Articles,  papers 

Sound  control  in  Libraries  by  E. J . Content.  Arch. 
Rec. , Nov.  1946,  p.  121. 

Library  (contained  in  ''Acoustical  Designing  in  Ar- 
chitecture") by  V.O.  Knudsen  and  C.M.  Harris.  John 
Wiley  and  Sons,  New  York,  1950,  p.  349. 

Noise  control  in  Civic  Buildings  by  L.S.  Goodfriend. 
Noise  Control,  Vol.  3,  July  1957,  p.  38-42,  60. 

Kagawa  prefectural  Library;  arch.:  Y.  Ashihara  and 
Assoc.  Japan  Arch.,  June  1963,  p.  43-54. 

Individual  study  carrels:  1 and  2;  from  the  Educat- 
ional Facilities  Laboratories  report  "The  School 
Library,  facilities  for  independent  study  in  the 
Secondary  School";  by  R.E.  Ellsworth  and  H.D.  Wag- 
ner. Arch.  Rec.,  Oct.  1963,  P*  233-234. 
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Offices 

Articles,  papers 

S-116  Principles  ox*  noise  reduction  in  Offices  and  Fac- 
tories by  M.S.  Smith.  Engineering  News  Record,  Vol. 

137,  Nov.  14,  1946,  p.  101-103. 

♦ S-117  Office,  Bank  and  Store  Buildings  (contained  in  "Acous- 

tical Designing  in  Architecture")  by  Y.O.  Knudsen  and 
C.M.  Harris.  John  Vfiley  and  Sons,  New  York,  1950, 
p.  352-355. 

¥ S-118  Acoustic  control.  Offices  (contained  in  "Time  Saver 
Standards").  P.W.  Dodge  Corp.,  New  York,  1954,  p.672. 

♦ S-119  A guide  to  Office  acoustics  by  H.C.  Hardy.  Arch. 

Rec.,  Feb.  1957,  p.  235-240. 

¥ S-120  Noise  control  for  Offices  by  l.N.  Miller  and  I.  Dyer. 
Noise  Control,  Vol*  3,  Mar.  1957,  p.  70-75. 

¥ S-121  Noise  control  in  Office  Buildings  by  W.W.  Soroka. 

Noise  Control,  Vol.  3t  July  1957,  p.  43-49. 

S— 122  Case  histories  of  noise  control  in  Office  Buildings 
and  Homes  (contained  in  "Noise  Reduction")  by  L.N. 
Miller.  McGraw-Hill  Book  Co.,  New  York,  I960,  p. 
599-643. 

S-123  Sound  insulation  in  Office  Buildings  by  T.D.  Horthwood. 
Canadian  Building  Digest  No.  51#  Division  of  Building 
Research,  National  Research  Council,  Ottawa,  Mar.  1964, 
pp.  4. 

Restaurants,  Cafeterias 

Articles,  papers 

4*  S-124  Restaurants  (contained  in  "Acoustical  Designing  in 

Architecture")  by  V.O.  Knudsen  and  C.M.  Harris.  John 
Wiley  and  Sons,  New  York,  1950,  p.  355-356. 

4-  S-125  Movenpick  Dreikonig,  Zurich  (Restaurant);  arch.; 

Dr  J.  Dahinden.  Baumeister,  No.  8,  Ag.  1959#  p. 
558-564. 

4-  S-126  Schall-  und  Warmeschutz  in  Gastsfdtten  by  H.W.  Bobran. 
Bauwelt,  Vol.  54,  Jan.  28,  1963,  p.  108,  112. 
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Transportation  Buildings 


Articles,  papers 


4*  S-127  Legal  aspects  of  the  airplane  noise  problem  (con- 
tained in  "Handbook  of  Noise  Control")  by  K«J«  Lucey. 
McGraw-Hill  Book  Co«,  New  York,  1957,  p.  37.1-37.14» 

♦ 3-128  Airports  for  tomorrow.  Arch.  Forum,  Jan.  1958,  p. 

122-129. 

¥ S-129  Airports  and  jet  noise  by  L.N.  Miller,  L.L.  Beranek 
and  K.D.  Kryter.  Noise  Control,  Yol.  5,  Jan.  1959t 
p.  24-31. 

¥ S-130  Acoustical  factors  in  jet  Airport  design  by  K.  Eldred. 
J.  Acoust.  Soc.  Am.,  Yol.  31,  May  1959,  p.  547-557. 

♦ S-131  Noise  reduction  in  Air  Force  control  towers  by  R.J. 

Christman.  Noise  Control,  Yol.  5,  July  1959,  p.  24- 
29,  55. 

♦ 3-132  Heliport  noises  may  be  a public  nuisance  by  P.H.  Par- 

kin. Engineering,  Dec.  25,  1959,  p.  678-680. 

3-133  Jot  noise  (contained  in  "Noise  Reduction")  by  P.A. 

Franken.  McGraw-Hill  Book  Co. , New  York,  I960,  p.  644- 

6c6. 

3-134  Noise  control  in  transportation  (contained  in  "Noise 
Reduction")  by  P.A.  Franken  and  L.L.  Beranek.  McGraw- 
Hill  Book  Co. , New  York,  I960,  p.  667-703. 

3-135  Aircraft  noise  at  Malton  Airport.  Ontario  Departm. 
of  Municipal  Affairs,  Toronto,  1961,  pp.  6. 

3-136  3ounds  of  the  twentieth  century.  U.S.  Government 
Printing  Office,  Washington,  1961,  pp.  16. 

¥ 3-137  The  confusion  in  Airport  planning;  Problem  No.  2: 
noise.  Arch.  Forum,  July  1962,  p.  78-79. 

3-138  Airport  for  jets  and  pistons;  arch.:  Mann  and  Harro- 
ver.  Arch.  Rec. , Oct.  1963,  p.  163—172. 


Industrial  Buildings 

Books,  chapters  of  books 

♦ 3-139  Industrial  Noise  Mannual.  American  Industrial  Hygiene 
Association,  Detroit,  1958. 


S-140  Case  histories  of  machine  and  shop  quieting  (contai- 
ned in  '’Noise  Reduction")  by  L.K.  Miller.  McGraw-Hill 
Book  Co.,  Nev7  York,  I960,  p.  571-598  . 


Articles,  papers,  reports 

S-141  The  application  of  sound  absorption  to  factory  noise 
problem  by  H.J.  Sabine  and  R.A.  V/ilson.  J.  Acoust. 

Soc.  Am.,  Vol.  15,  duly  1943,  P*  27-31* 

S— 142  Industrial  music  and  morale  by  D.D.  Halpin.  J.  Acoust. 
Soc.  Am.,  Vol.  15,  Oct.  1943,  P*  116-123* 

S-143  Music  as  a safety  factor  by  E*  Hough.  J.  ACoust.  Soc. 
Am.,  Vol.  15,  Oct.  1943,  p.  124* 

S-144  Attitudes  toward  types  of  industrial  music  by  W.A. 

Kerr.  J.  Acoust.  Soc.  Am.,  Vol.  15,  Oct.  1943,  P* 

125-130. 

S— 145  Programming  music  for  industry  by  B.  Selvin.  J.  Acoust. 
Soc.  Am.,  Vol.  15,  Oct.  1943,  P*  131-132. 

S-146  The  statistical  method  in  determining  the  effects  of 
music  in  industry  by  R.L.  Cardinell.  J.  Acoust.  Soc. 
Am.,  Vol.  15,  Oct.  1943,  p.  133-135* 

S— 147  The  growing  appreciation  of  music  and  its  effect  upon 
the  choice  of  music  in  industry  by  A*  Pepinsky*  J* 
Acoust*  Soc*  Am*,  Vol*  15,  Jan*  1944,  p*  176—179* 

S-148  Factory  noise  by  H*  J * Sabine  and  A*  Wilson*  Progr. 

Arch*  - Pencil  Points,  June  1946,  p*  87-90* 

S-149  The  effects  of  acoustical  treatment  in  industrial 

areas  by  F*K*  Berrien  and  C*W.  Young*  J*  Acoust*  Soc* 
Am.,  Vol.  18,  Oct.  1946,  p.  453-457* 

S-150  Principles  of  noise  reduction  in  Offices  and  Factories 
by  M.A*  Smith*  Engineering  News  Record,  Vol*  137,  Nov. 
14,  1946,  p.  101-103* 

♦ S-151  Noise  control  in  Office  and  Factory  spaces  by  L*L* 

Beranek*  Transactions  Bulletin  No*  18,  Industrial 
Hygiene  Foundation,  Pittsburgh,  1950,  p*  26-33* 

S-152  Industrial  and  Office  quieting  by  B.L*  Smith.  J.  AIA, 
Dec.  1951,  p.  246-249* 

♦ S-153  Reducing  the  noise  of  industrial  machines  by  P*H* 

Geiger  and  R*N*  Hamme*  Arch.  Rec.,  Jan.  1953,  P* 
173-174* 
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S-154  The  eva.luation  and  control  of  noise  in  the  offices 
of  an  industry  by  W.W#  Stalker.  Noise  Control-  Vol. 

1,  July  1955,  p.  34-56. 

S-155  Sound-absorbing  screens  in  a marginal  industrial 
noise  problem  by  T.  Mariner  and  A#D.  Park.  Noise 
Control,  Vol.  2,  No.  5,  1956,  p.  22-27,  58. 

S-156  Noise  control  by  phase  control  of  extended  sources 
by  G.J*  Thiessen.  Noise  Control,  Vol.  3,  Mar.  1957, 
p.  33-36,  90. 

♦ S-157  Retaining  high  Sound  Transmission  loss  in  industrial 

plants  by  G.L.  Bonvallet.  Noise  Control,  Vol.  3,  Mar. 
1957,  p.  61-64,  92. 

S-158  Use  of  partial  enclosures  to  reduce  noise  in  Fac- 
tories by  D.E.  Bishop.  Noise  Control,  Vol.  3,  Mar. 

1957,  p.  65-70. 

S-159  Techniques  of  noise  control  for  public  utilities  by 
S.H.  Nendt.  Noise  Control,  Vol.  3,  Sep.  1957,  p.  37- 
40,  62. 

S-160  Hearing  conservation  in  industry  by  B.G.  Meiter. 

Noise  Control,  Vol.  3,  Nov.  1957,  p#  38-41,  62. 

S-161  Automobile  wash  racks  can  control  noise  by  D.P.  Loye. 
Noise  Control,  Vol.  4,  Jan.  1958,  p.  47-49# 

S-162  Practical  examples  of  industrial  noise  control  by 

R.L.  Young.  Noise  Control,  Vol.  4,  Mar.  1958,  p.  11- 
14. 

S-I63  Absorption  as  a noise  control  measure  in  an  indust- 
rial plant  by  C.L.  Coyne.  Noise  Control,  Vol.  4,  Mar. 

1958,  p.  47-52. 

S-I64  Hearing  conservation  in  industry  by  F.W.  Braun.  Noise 
Control,  Vol.  4,  July  1958,  p.  37-39. 

S-165  Design  of  a quiet  Diesel  Power  Station  by  M.  Hirschorn 
and  A.  Schiesser.  Noise  Control,  Vol.  4,  Sep.  1958, 

p.  12-18. 

S-I66  Ears  can  be  protected  by  E.  Guild.  Noise  Control, 

Vol.  4,  Sep.  1958,  p.  33-35,  58. 

♦ S-I67  Noise  in  industry  (contained  in  "Acoustics,  Noise 

and  Buildings")  by  P.H.  Parkin  and  H.R.  Humphreys. 
Frederick  A.  Praeger,  New  York,  1958,  p.  235-238. 

♦ S-I68  Current  research  in  industrial  noise  by  A.  Glorig. 

Noise  Control,  Vol.  5,  Jan.  1959,  p.  32-^5,  74. 
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S-169  Some  industrial  noise  problems  and  their  solution 
by  L.J.  Williams.  Noise  Control,  Vol.  5,  Jan.  1959, 
p.  36-38,  72-73. 

S-170  Field  and  laboratory  examples  of  industrial  noise 
control  by  A.L.  Cudworth.  Noise  Control,  Vol.  5, 
Jan.  1959,  p.  39-43,  73. 

S-171  Foundry  noise  by  H.J.  Weber.  Noise  Control,  Vol.  5, 
Jan.  1959,  p*  44-47,  76. 

S-172  The  control  of  noise  in  Factory  Buildings  by  E.F. 
Stacy.  Insulation,  July-Ag.  1959,  P*  223-226. 

S-173  L’insonorisation  et  1* isolation  phonique  des  bati- 
ments  industrials  by  I*E.  Katel.  l*Arch.  Fr.,  Vol. 
19,  1959,  No.  193-194,  p.  85-89. 

S-174  Noise  in  Factories.  Factory  Building  Studies  No.  6; 
by  A.G.  Aldersey-Williams.  Her  Majesty’s  Stationery 
Office,  London,  I960,  pp.  27# 


GENERAL  BIBLIOGRAPHY 
(See  list  of  abbreviations  on  page  1 ) 


Books,  booklets,  chapters  of  books 

GB-1  Acoustics  and  Architecture  by  P.E*  Sabine*  McGraw- 
Hill  Book  Co.,  New  York,  1952,  pp.  527. 

GB-2  Architectural  Acoustics  by  V.O.  Knudsen*  John  Wiley 
and  Sons,  New  York,  1932,  pp.  617. 

GB-3  Raum-  und  Bauakustik  by  J.  Engl.  Akademische  Ver- 
lagsgesellschaf.t,  Leipzig,  1939f  pp.  371. 

GB-4  Sound  by  E.G.  Richardson.  Physical  Society,  Report 
No.  7,  1940,  pp.  26. 

GB-5  Acoustics  - A Handbook  for  Architects  and  Engineers 

by  P.L.  Marks.  Technical  Press,  London,  1940,  pp.  145. 

GB-6  Schallabwehr  im  Ba.u-  und  Haschinenwesen  by  fi.  Lubcke. 
Julius  Springer,  Berlin,  1940,  pp.  166. 

GB-7  Acoustics  of  Buildings  by  P.R.  Watson.  John  Wiley 
and  Sons,  New  York,  1941,  pp.  117. 

GB-8  Acoustics  by  A.  Wood.  Interscience  Publishers,  New 
York,  1941,  pp.  575. 

GB-9  Practical  Acoustics  and  Planning  Against  Noise  by 

H.  Bagenal.  Chemical  Publishing  Co.,  Brooklyn,  N.Y., 
1942,  pp.  140. 

GB-10  Sound  Insulation  and  Acoustics  (Post  War  Building 
Studies  No.  14).  His  Majesty’s  Stationery  Office, 
London,  1944,  pp.  80* 

GB-11  The  Theory  of  Sound;  Vol.  I and  II;  by  Lord  Rayleigh. 
Dover  Publications,  Hew  York,  1945 » Vol.  I:  pp.  480, 
Vol.  II s pp.  504. 

GB-12  Modern  Theory  and  Practice  in  Building  Acoustics  by 
N.  Fleming  and  W.A.  Allen.  The  Institution  of  Civil 
Engineers,  London,  1945 f pp.  60. 

6B-13  Applied  Architectural  Acoustics  by  M.  Hettinger. 

Chemical  Publishing  Co.,  Brooklyn,  1947,  pp.  189. 

GB-14  Elements  of  Acoustical  Engineering  by  H.F.  Olson, 
li.  Van  Nostrand  Co.,  New  York,  1947,  pp.  539. 
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GB-15  Building  Insulation:  A treatise  on  the  Principles 
and  Application  of  Heat  and  Sound  Insulation  for 
Building;  by  P.D.  Close.  American  Technical  Society, 
Chicago,  1947?  pp.  372. 

GB-16  The  Story  of  Sound  by  J.  Geralton.  Har court,  Brace 
and  Co.  Inc.,  New  York,  1948,  pp.  74. 

GB-17  Die  wissenschaftlichen  Grundlagen  der  Haumakustik; 

Band  I.  Geometrische  Haumakustik  (1948,  pp.  170); 

Band  II.  Statistische  Haumakustik  (1961,  pp.  287); 

Band  III.  Wellentheoretische  Haumakustik  (1950,  pp.355); 
by  L.  Cremer.  S.  Hirzel,  Stuttgart. 

♦ GB-18  Noise  and  Sound  Transmission.  Report  of  the  1948  Summer 

Symposium  of  the  Acoustic  Group.  The  Physical  Society, 
London,  1949 > pp*  206. 

GB«19  The  Practical  Application  of  Acoustic  Principles  by 
D.J.W.  Cullum.  E.  and  F.N.  Spon  Ltd.,  London,  1949> 

pp.  200. 

-§•  GB-20  Leitfaden  der  Haumakustik  fur  Architekten  by  K.  Weisse. 

Yerlag  des  Druckhauses  Tempelhof,  Berlin,  1949>  pp*  102. 

♦ GB-21  Acoustical  Designing  in  Architecture  by  V.O.  Knudsen 

and  C.M.  Harris.  John  Wiley  and  Sons,  New  York,  1950, 
pp.  457. 

GB— 22  Fundamentals  of  Acoustics  by  L.E.  Kinsler  and  A.H. 
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